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ABSTRACT
The effects of strain rate on the large strain compressive behavior of polymer
blends is investigated using Dow Chemical Derakane 8084 rubber toughened vinyl ester
and Scott Bader Crestomer 1080 as constituent materials. The goal is to evaluate their
suitability for use in the stiffener/panel bondline of GRP minsweeping vessels which need
to be able to continue their mission in the event of a near field mine detonation.
The experimental procedure involved the testing of five blends ranging from 0-100
percent Derakane 8084 by weight at 25 percent increments under compressive loading in a
hydraulic testing machine at constant loading rates of 0.01, 0.10, 1.00 and 2.50 mm/sec.
These test results were then used to generate a predictive model for the lower yield stress
as a function of the applied strain rate which was used to predict the yield stress of each
of the blends as well as the pure Derakane 8084 material out to strain rates on the order of
10^ sec"\ The prediction was then compared against results experimentally obtained using
a Hopkinson bar. The correlation between the predicted and experimental values was
generally good, although universally low by about 10-18% when the Crestomer 1080
concentration was less than 50%. The cause of this deviation is not known, but is likely
due to an inertial effect. At concentrations of Crestomer higher than 50%, the rate
dependency of the elastic modulus becomes significant due to the viscoelastic nature of
Crestomer 1080. Since the model does not account for rate dependency in the elastic
modulus, these results are not as accurate.
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1.0 INTRODUCTION
In naval warship applications such as minehunting vessels, particularly under
impact and shock loading, frame to shell connections may be exposed to substantial
through-thickness tensile stresses. These stresses are primarily due to initial tensUe
loading and subsequent peel caused by shock concentration at the frame to shell interface.
They are further aggravated by severe frame inertia loading.^ The current practice is to
assume that the resistance of the joint to failure under shock loading may be improved by
increasing the pull-off strength under quasi-static loading, in which a top-hat stiffener is
pulled from a base panel at a rate of approximately 1 mm/minute. Under these conditions
the secondary bond between the stiffener and the base panel is assumed to be isothermal
during the pull-off process, and any strain rate effects which may be present due to the
shock loading phenomena are ignored.
The assumption of strain rate independence of the bondline material cannot be
made without careful consideration of the nature of polymeric materials. Polymers are
rate dependent materials whose mechanical properties are often strongly effected by both
time and temperature. The strain rate corresponding to "static loads" may be taken to be
between 10"^ and 10"^ sec''. Under conditions of structural vibration with frequencies in
the range of 10-50 Hz, strain rates of approximately 1.0 sec"' occur while in the case of air
blast or hydrodynamic impact, strain rates as high as 10*^ sec'' typically occur.^
A comprehensive investigation of improvements in stiffener-base plate secondary
bond interfaces has been conducted. The results of which may be found in Appendix A.
The failure to consider the effects of a six order of magnitude difference in strain rate
when using polymer materials represents the single largest deficiency in the study of these
interfaces.
The most recent studies indicate that the use of low modulus/high strength
materials in the bondline will provide the best stiffener to shell connection. The effects of
* Michael Trimming, "Monocoque GRP Minehunters," The Royal Institution ofNaval Architects
London International Symposium on Mine Warfare Vessels and Systems 1989.
^C. S. Smith, Design ofMarine Structures in Composite Materials (New York: Elsevier Applied
Science, 1990), pp. 95-96.
strain rate on the proposed secondary bondline materials needs to be investigated to
ensure that they remain compliant at the higher loading rates.
In the most recent studies, Crestomer 1080, a compliant urethane acrylate
produced by Scott Bader, was proposed for this application. Due the large strain to
failure of this material, which often exceeds 150% true strain, a dramatic increase in the
load to failure during quasi-static pull-off testing was achieved as compared to previous
testing which used polyester and acryhc materials in the bondline.
Crestomer 1080 is often blended with a vinyl ester to increase its stiffness to a
desired level. The most commonly used vinyl ester for this apphcation is Derakane 8084,
which is a rubber-toughed variant produced by Dow Chemical. The purpose of this thesis
is to investigate the effects of strain rate on the behavior of several blends of these
materials and draw conclusions related to their use in this application.
1.10 Scope of the Proiect
Chapters 2-6 wUl develop the theoretical background needed to study high strain
rate behavior in polymers. Chapter 2 will give a brief introduction to the mechanical
behavior of polymers including a review of the so called "four regions of mechanical
equivalence" which defme the behavior of a polymers over a wide range of temperatures
and loading rates. Chapters 3 through 5 will discuss the theory and implications of the
three regions of mechanical equivalence which are important in this study. These include
linear elasticity, finite-strain elasticity and viscoelaticity. Chapter 6 will describe a model
and methodology for analyzing the yield behavior of these blends when they are subjected
to high strain-rate loading. Only compressive loading behavior will be investigated. This
will eliminate the complexities inherent in tensile testing which include crazing and
fracture, and allow for the large plastic strain behavior of the materials to be studied.
The remaining chapters will discuss the experimental procedure and results.
Chapter 7 outlines the specimen fabrication procedure, including resin formulation, mold
selection, and the machining processes. Chapter 8 introduces the process of Dynamic
Mechanical Analysis (DMA), which was used in this project to determine the glass
transition temperature of each of the blends. This parameter is often viewed as one of the
most important in the study of polymer materials. Chapter 9 discusses the initial
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compression tests which were conducted using an hydraulic Instron testing machine. The
tests, which spanned more than three orders of magnitude of strain rate, were used to
formulate a model which was used to extrapolate the yield stress corresponding to strain
rates on the order of 1000 sec*. In Chapter 10, the results of several tests conducted at
strain rates of approximately 3x10"^^ sec"' using a Hopkinson Bar are presented and
compared with the results from the slower strain rate Instron tests including an evaluation
of the agreement between the predicted and measured values. Chapter 1 1 wiU conclude
with a discussion of the results and their implications along with suggestions for future
study in this area.
11
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2.0 MECHANICAL BEHAVIOR OF POLYMERS
To understand the effects of strain rate on the behavior of either a single polymer
or a mixture of several polymers, it is first necessary to review some of the relevant topics
in the study of polymer material behavior. There are several ways in which polymers can
be grouped. In one typical grouping, they are classified as either thermoplastic or
thermosetting. The thermoplastic polymers are those which soften and eventually flow as
a viscous liquid when heated. They consist of linear branched-chain molecules with strong
intramolecular (within the molecular chain) and weak intermolecular (between chain)
bonding. Melting and solidification of these polymers is reversible, and they can be
reshaped by the appHcation of heat and pressure. Thermosetting polymers, by contrast,
have a highly crosslinked or network structure with strong covalent bonds between chains,
which form during the curing process. These crosslinks inhibit flow and, as a
consequence, thermosets do not undergo hquid flow but decompose when heated to
sufficiently high temperatures. Examples of thermosets include polyester, epoxy, vinyl
ester, and phenolics.
As a result of cost and production constraints, virtually all marine composites
utilize thermosetting polymers. Thermosets always have an amorphous structure, so only
this class will be considered in this study. The next section will discuss the assumptions
made in the idealized modeling of amorphous macromolecular chains.
2.10 The Glass Transition Temperature
Polymer properties are known to be very sensitive to both temperature and load
rate, particularly near the glass transition temperature (Tg). An understanding of the
this material parameter is perhaps the most important piece of information when
considering the behavior of amorphous polymer materials.
The glass transition temperature separates the region of glassy behavior (below
Tg) from the region of elastomeric behavior (above Tg). In the temperature range very
near Tg, the polymer is in a state of transition, and it behaves in a viscoelastic manner. It
is in this region that temperature and strain rate effects have the greatest impact on the
mechanical behavior of polymer materials.
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There is a dramatic change in most of the material properties of a polymer at the
glass transition temperature. For example, there is a sharp increase in modulus (about
three orders of magnitude) when the temperature is reduced from about 30° C above Tg to
30° C below Tg. There are also large changes in other physical properties such as the
specific volume, the heat capacity and the coefficient of thermal expansion.
The abrupt changes in physical properties have allowed for the development of a
wide variety of tests to measure the glass transition temperature. Among these tests are
Differential Scanning Calorimetry (DSC) which measures changes in heat capacity during
the transition from the glassy to the rubbery state, and Dynamic Mechanical Analysis
(DMA) which directly measures the modulus by loading a thin specimen sinusoidally in the
elastic range as the temperature is incrementally increased from a temperature below Tg to
above Tg.
In the case of thermoset materials, the crosslink density is very high and the change
in heat capacity during phase changes is difficult to detect using DSC techniques. For
these materials, the use of DMA allows for a clear, accurate and repeatable measurement
of Tg. DMA analysis will be discussed in greater detail in a later section.
2.1 1 Kinetic Versus Thermodynamic Interpretations of the Glass Transition Temperature
As a result of the abrupt changes in the some of the physical properties, attempts
have been made to analyze the glass transition temperature as either a first-order or
second-order thermodynamic transition process. In a first-order thermodynamic
transition, a sharp change occurs in one of the fundamental thermodynamic properties
such as enthalpy or volume, while a second-order transition is reflected by a sharp change
in the first derivative of one of these properties. Several investigators have shown a
connection between the glass transition temperature and second-order thermodynamic
properties such as the specific heat and the volume thermal expansion coefficient, but it
was later shown that the measured value of the glass transition temperature depends on
the rate at which the temperature is changed' . It was found that the lower the heating rate
used in raising the temperature from temperatures corresponding to the region of glassy
behavior, the lower the measured glass transition temperature.
'Kovacs, J. Polym. ScL, 30, (1958), 131.
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Because of the dependence on the cooling rate of the measured value of the glass
transition temperature, it cannot be strictly described as a thermodynamic transition event.
Thermodynamics considers steady state events which are assumed to be time invariant.
The glass transition is therefore generally accepted as a kinetic rather than a
thermodynamic event. It should be noted, however, that the change in Tg with decreasing
cooling rate is very slow, changing by only about 2-3 degrees Celcius when the cooling
rate is varied from l°C/rain to I'^C/day^, so it is possible to define a value of the glass
transition temperature which is nearly independent of the cooling rate. The glass
transition temperature will be discussed in a later section dealing with linear viscoelastic
theory.
2.12 Effects of Polymer Structure on the Glass Transition Temperature
The glass transition temperature (Tg) varies over a fairly wide range from one
polymer to another. These differences are due to the molecular differences between
polymers. A brief list is given below :
1. Inflexibility of the repeat unit of the macromolecule increases Tg. This is
related to the absence of hinges in the chain backbone.
2. The presence of atoms or groups of atoms in the repeat imit which participate
in dipolar or secondary interactions with segments of neighboring macromolecules tend to
increase Tg.
3. Tg increases with increasing average macromolecular weight.
4. As the degree of crosslinking increases, the glass transition temperature
increases slightly. This is an expected result, since crosslinking suppresses the large elastic
deformations typically associated with elastomeric materials.
Examples of the glass transition temperature for a variety of materials are shown in
Figure 2-1. Note that the presence of aromatic rings, bulky side groups, and cyanide
groups result in much larger values of Tg than in the linear chain molecules.
^ I.M. Ward, Mechanical Properties ofSolid Polymers 2nd ed. (New York:John Wiley and Sons, 1990),
p. 150.
^ I.V. Yannas, Introduction to Polymer Science and Engineering: A Set of Lecture Notes, Massachusetts
Institute of Technology, Cambridge, Massachusetts, 1981, pp. 77-78.
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R.J. Young and P.A. Lovell. Iruroduction to Polymers 2nd ed.
(New York:Chapman & Hall. 1992), p.296.
Figure 2-1
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2.20 Representation of Amorphous Polymers Using Modulus-Temperature Curves
Due to the strong temperature dependence on the behavior of polymeric materials,
the mechanical behavior of polymers subjected to small strain is often represented by plots
of temperature versus the logarithm of modulus (E-T curves). These curves are plotted
assuming a fixed strain rate since, in the case of amorphous polymers, an increase in strain
can be equated to a decrease in temperature. The equivalence of time and temperature for
an amorphous polymer under small strain wiU be discussed in Chapter 5.
The shape of the modulus-temperature curve is effected to a large extent by the
molecular details of the polymer in use and reflects the versatility offered by these
materials. As an example, Figure 2-2 shows the effect of increasing the polymer average
molecular weight and crosslink density. As the molecular weight of the polymer
macromolecule is increased, the elastomeric region is increased, while increasing the
density of crosslinks increases the modulus in the elastomeric region and also increases Tg
shghtly. Recall that themosetting polymers typically have a very high crossUnk density.
2.30 The Four Regions of Mechanical Equivalence
The modulus-temperature (or modulus-time) diagram is typically divided into the
four regions of mechanical equivalence in which different constitutive laws apply. These
regions are known as glassy (Region I/below Tg), transition/leathery (Region n/near Tg),
rubbery/elastomeric (Region Hi/above Tg), and liquid flow (Region IV/well above Tg) as
shown in Figure 2-3. It was mentioned earlier that thermosetting polymers are highly
crosslinked and decompose rather than flow when heated, so they do not display region
IV behavior. Table 2-1 indicates, qualitatively, the time dependence, mechanical memory,
and the simplest applicable branch of mechanics which can apply to a crosslinked
amorphous polymer in the three applicable regions of mechanical equivalence. Time
dependency reflects how important the loading rate is in determining the mechanical
response, and mechanical memory indicates both how rapidly and how completely the
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1 WEAK STRONG LINEAR ELASTICITY
2 STRONG MODERATE LINEAR
VISCOELASTICITY
3 WEAK STRONG RUBBER (LONG-
RANGE) R ASTICrrY
The following sections will review the essential elements and limitations of material
behavior in the three regions of mechanical equivalence as indicated in table 1 . The theory
of linear elasticity will be presented first, followed by the theory of rubber elasticity. This
is a convenient progression since rubber elasticity can be viewed macroscopically as an
extension of linear elasticity which accounts for finite strains. Phenomenologically,
however, linear elasticity models materials as "linear energy (Hookian) springs", while
rubber materials are modeled as "entropy springs". Finally the elements of the theory of
linear viscoelasticity will be presented. This theory is the only one which allows for rate
dependency in the modulus by the addition of viscous damping terras to the constitutive
relations.
2.40 Yielding, Crazing, and Fracture of Amorphous Polymers
The yielding behavior of metals has been widely studied and is well understood.
One of the main assumptions in these theories is that the yield stress is independent of
hydrostatic pressure. In contrast, yield in polymers is a strong function of the hydrostatic
pressure. It should be noted at this point that yield only occurs in polymers which are in
the glassy phase. This will be discussed in greater detail in Chapter 6. Recall that the
pressure is defined as:
P = --tr[c] = -[cT 1 +0, +cy 3I
where: tr[a] is the trace of the stress tensor
The effect of hydrostatic pressure on the yield stress is particularly significant in
amorphous polymers. This can be explained by viewing the yield stress as the point at
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which the barriers to chain segment rotation have been overcome and the material is able
to flow.
Some of the barriers to chain segment rotation are configurational while others are
intermolecular. The configuratonal barriers are those which are due to the resistance of a
chain to rotation about its backbone, independent of its neighbors. These effects are not
strongly dependent on pressure.
The intermolecular barriers to chain segment rotation arise due to the interactions
between chains. It is reasonable to assume that the pressure contribution to the yield
stress results in a decreased distance between polymer chains. As a result, there is an
increase in the intermolecular barriers to chain segment rotation, and a higher yield stress
with increasing pressure.
Since the hydrostatic pressure level is higher in compression than in tension,
polymers often have a higher yield stress when tested in compression than when tested in
tension. This necessitates a modification of the apphcable yield criteria before they can be
used to predict the yield stress.
One of the most commonly used criteria to predict yield is the Von Mises yield
criteria. This criteria is most easily implemented using principle stress values. Recall that
any stress tensor can be transformed into a stress tensor which only has terms on the
diagonal (no shear terms) by a transformation of coordinates. In terms of principle
stresses, and accounting for the pressure dependence of yield, the Von Mises yield criteria
is given as follows:
where: a y^. and a ^ are the compressive and tensile yield stress (2-2)
o 1 ,a 2 , and ct 3 are the three components of the principle stress tensor
Equation (2-2) reduces to the traditional pressure-independent Von Mises yield
criteria when the tensile and compressive yield stresses are equal.
Another effect of pressure on the behavior of a glassy polymer is the formation of
crazes. Crazes are a localized form of plastic deformation which occur when the polymer
is subjected to an overall hydrostatic tensile stress. This process, which occurs in the
elastic regime at approximately 1/2 the yield stress, results in a significant increase in
21
volume as chain segments are separated from each other. In the process of chain segment
separation, regions of cavitated polymer are produced. This process does not usually
affect the modulus of the material, so the elastic response is not effected. The voids do,
however, serve as nucleation sites for cracks which can lead to failure by fracture prior to
the yield point.
This study will only consider the compressive behavior of a series of polymer
blends as a function of strain rate. This decision was motivated by the general lack of
information on the particular blends of interest. To begin to investigate the behavior of
these materials under high strain rate loading, it was necessary to minimize the number of
design variables. The choice of compressive loading eliminates the possibility of crazing
and fracture when the material undergoes homogeneous deformation.
22
3.0 LINEAR ELASTICITY
The theory of linear elasticity is important in the description of the small strain
behavior of glassy polymers. In this regime, the true-stress is linearly related to the true-
strain by a constant factor known as the modulus of elasticity which represents the rate-
independent stiffness of a glassy polymer. This important material parameter is
experimentally obtained in a simple compression or tension test as the slope of stress-
strain curve.
The theory of linear elasticity is represented by the well known generalized
Hooke's Law. This theory is a good approximation to the behavior of many materials
when the strains are small, typically on the order of 1%. Its simplicity of use makes it a
popular choice for the initial design of a wide variety of structures. There are, however,
some important limitations of the theory which limit its use, particularly in the study of
polymeric materials.
A primary assumption of the theory is that the material behaves like a
linear/Hookean spring. As a consequence, the deformations resulting from an applied load
are independent of the history or rate of loading. When a load or displacement is appUed
to a linear elastic material, the load does not change as a function either of time or
temperature. When the load is removed, the material is assumed to return instantaneously
and completely to its original state.
The assumption of linearity in this theory indicates that the tensor components of
stress may be represented by a linear function of aU the tensor components of strain and
vice versa. The stress can be computed by multiplying the strain tensor by a stiffness
matrix, which is a 6x6 matrix in the most general case of a fully anisotropic material. The
number of independent constants may be reduced when material symmetry exists. In the
limit, a material which has an infinite number of planes of symmetry such that its behavior
is independent of orientation is said to be isotropic. In this case, the slope of the tensile or
compressive stress strain curve is known as the modulus of elasticity or the Young's
Modulus.
This linear behavior is strictly applicable in polymeric materials only for very small
values of strain. When strained beyond this limit, known as the proportional limit, many
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polymers behave in a non-linear fashion. It should be noted that unlike metals, in which
the yield point closely corresponds to the proportional limit, polymers are often capable of
considerable non-linear deformation without suffering any permanent deformation.
Time independent behavior is a reasonable assumption for glassy polymers when
the strains are small (on the order of 1% or less) and molecular motion is limited to only a
few segments of any macromolecular chain. The small strain behavior of real polymeric
materials is time dependent to a greater or lesser extent depending on the imposed
temperature and strain rate. This is particularly important in the vicinity of the glass
transition temperature (Tg), which defines the transition region between glassy and
elastomeric behavior. Linear elasticity is modified to account for the effects of time in the
theory of linear viscoelasticity, at the expense of a significant increase in computational
complexity. This theory, which is discussed in Chapter 5, incorporates time dependency
into the constitutive relationships by the addition of one or more viscous damping terms.
The assumption of small strain implies that any terms in the strain-displacement
equations which are of second order can be neglected. This theory fails when an
amorphous polymer is in the region of rubber elasticity where elastic strains on the order
of 300-700% are possible. Elastic strains on this level are unique to amorphous
polymers, and are modeled by the theory of finite strain elasticity, which will be discussed
in Chapter 4.
Despite the limitations of its use, the theory of linear elasticity is widely used in the
stress analysis of components constructed of polymeric materials particularly in defining
the behavior of glassy polymers prior to yield and is therefore worthy of some discussion.
24
The generalized Hooke's law relating stresses to strains can be written in
contracted notation as follows:
ai = Cij*ej ij = l,2 6
where: Cii is the stiffness matix
(3-1)
or:
Ei = Sij * Oi i,j = 1,2, ... , 6





















where: c^ are normal stresses and Tj are shear stresses, and
£
J
are normal strains and 7 j are shear strains
note that strain notation in contracted notation is as follows:
3 u 3 V
aya X
£2 = £1 =
3 w 3 V 3 w
723=-:^ + -
az d z d y
_d\ 9w _3w 3u _au 9v
3z3y 3x d z dy d\
where: u, v, and w are displacements in the x, y, and z directions
Note that both the stiffness and compliance matrices are represented by a 6 x 6
matrix and [Cij] = [Sij]'\ These matrices are fiilly populated in the case of a fully
anisotropic material, but the number of independent coefficients can be reduced by noting
material planes of symmetry.
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For the most general case of an element of anisotropic material, also known as
one with triclinic symmetry, the 6 x 6 compliance matrix can be written as follows with 21
independent compliance coefficients since Sy = Sji:
S. =
'Sn S.2 Si3 S,4 S:5
S.2 S22 S23 S24 S25
S,3 S23 S33 S34 S35
Sm S24 S34 S44 S45
S,5 S25 S35 S45 S55








If one plane of symmetry is present, in this case through thickness midplane
symmetry, monoclinic symmetry exists and the compliance matrix reduces to the
following 13 independent compUance coefficients:
S. =
Sn S,2 S,3 S:.
Sn S22 S23 S26
Sn S23 S33 S36
S44 S45
S45 S55
.S,6 S26 S36 S66
(3-4)
If there are two planes of material property symmetry then symmetry will also exist
on a third mutually orthotropic plane. A material displaying this form of symmetry is said
to be orthotropic with 9 independent constants. Note that there is no interaction between
normal stresses and shear strains for orthotropic materials aligned with the principal
material directions. These directions are parallel to the intersections of the three
orthogonal planes of material symmetry.
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The elements of the compliance matrix are related by simple relationships to the
engineering constants Young's modulus (E), Poisson's ratio(v), and shear modulus(G).
The compliance matrix (Sij) for an orthotropic material in terms of engineering constants
























In a wide variety of materials under small strain, the material properties do not
vary significantly with orientation. This is true of amorphous polymers under small strain
due to the lack of significant chain alignment. In this case, an infinite number of planes of
material symmetry exist. The number of independent constants reduces to 2, and the
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(3-7)
For an isotropic material, the compliance matrix (Sij) can be written in terms of a



















From these relations, the well know stress-strain relationships for isotropic linear
elasticity can t>e written as follows:
1 V / N
Zxx = Gxx - [Gyy + dz
)
E E
1 V , s
1








The isotropic shear modulus is related to the Young's modulus and Poisson's ratio
by the following expression:
G =—-— (3-10)
2(1-HV)
Another basic quantity which is of importance in linear elasticity, particularly in the
case of polymers, is the bulk modulus (K), which determines the dilation (A) produced by
a uniform hydrostatic pressure (p):
A (3-11)
where:A = Cxx + tyy + Ezz
Using the isotropic linear elastic stress strain relationships it can be shown that the
strains produced by a uniform hydrostatic pressure (p) are as follows:
ejcc=Eyy=Ezi = (Sn + 2Sn)p (3-12)
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Then the bulk modulus is equal can be written as:
K = ^ = 1
A ^{Sn + lSn) 3(1-2d)
(3-13)
Table 3-1^ is an order of magnitude comparison of the elastic engineering
constants for an isotropic amorphous polymer in each of the three relevant regions of
mechanical equivalence, showing a difference in Young's modulus (E) of approximately
three orders of magnitude between the glassy and elastomeric regions. It should be noted
that the values given for the Young's modulus and the shear modulus (G) are represented
as a constant value. This is only strictly true when the stress strain behavior is linear, as
was assumed for glassy polymers. Viscoelastic materials are rate dependent so the
modulus values given represent a range from the glassy to the elastomeric values. In the
elastomeric region, the modulus is known as the rubbery modulus. This value represents
the elastic response which occurs when an elastomer is loaded at a high rate. It should be
noted that the bulk modulus of an elastomer is very large resulting in Poisson ratio very
close to 0.50, indicating that elastomeric materials are essentially incompressible. The
assumption of incompressibihty is important in the development of constitutive models for
the finite strain elasticity of elastomeric materials.
TABLE 3-1
REGION E (Pa) G (Pa) K(Pa) V
1 10' -10'° 10' 10' -10'° 0.33
2 10*- 10' 10' - 10' 10*- 10' 0.40 - 0.45
3 10' -10* 10' -10' oc 0.50
' I.V. Yannas, "Introduction to Polymer Science and Engineering: A Set of Lecture Notes," Deformation
and Fracture of Polymers. Massachusetts Institute of Technology, 1994, 101.
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4.0 FINITE STRAIN / RUBBER ELASTICITY
Finite strain behavior is important in the large deformation behavior of amorphous
polymers. The premise behind this behavior is that large strain results in a decrease in the
configurational entropy of the material which gives rise to a stiffening effect. Most of the
work in the area of entropic response has been directed towards the development of
predictive models for the behavior of elastomeric materials, so this is the primary focus of
this section. The theories have also been use to model the entropic resistance to plastic
deformation in glassy polymers.
Elastomeric material behavior (also known as rubber elasticity, finite strain
elasticity, and long-range elasticity) is unique to crosslinked amorphous polymers which
have an average macromolecular weight greater than approximately 10,000 and have been
heated to temperatures of Tg + 30°C or greater. Elastomers meeting these requirements
are capable of non-linear elastic strains on the order of 300-700%. Polymers with an
average macromolecular weight significantly less than 10,000, semicrystalline polymers,
and uncrosslinked polymers do not exhibit characteristic rubberlike behavior.
In addition to the large elastic strain limits exhibited by elastomers, several other
unusual characteristics have been observed. As an example, it has been observed by many
investigators that the modulus of an elastomer increases with increasing temperature. This
is in contrast to what is seen in nearly all other engineering materials which soften with
increasing temperature. An understanding of this unusual behavior begins with the
thermodynamics of elastomeric behavior.
4.10 Thermodynamics of Elastomeric Behavior
The thermodynamic properties of interest in the study of elastomeric material
behavior depend on the conditions under which the material parameters in the constitutive
equations are experimentally obtained.
Recall that the first law of thermodynamics states:
dW = dU-dQ (4-1)
where: dW is the work done on the material
dU is the increase in internal energy
dQ is the heat supplied to the material
31
For an adiabatic experiment conducted at constant volume (V), the work done on
the material is equal to the increase in internal energy (U). In this case,
dQ = and dW = dU (4-2)
For an adiabatic experiment conducted under constant pressure (P), the work done
on the material is equal to the enthalpy (H), where H=U+PV. In this case,
dQ = and dW = dU + PdV = d(U+PV)p = dH (4-3)
For an isothermal experiment conducted at constant volume, the work done on the
material is equal to the Helmholtz free energy (A), where A = U - TS. The variable (T) is
the absolute temperature, and (S) is the entropy. In this case,
dQ = TdS and dW = dU-TdS = d(U-TS)t,v = dA (4-4)
Finally, for an experiment conducted at constant temperature (T) and pressure
(P), the work done on the material is equal to the Gibbs free energy (G), where G = U -i-
PV-TS = H-TS. In this case,
dQ = TdS and dW = dU + PdV - TdS = d(U+PV-TS)t,p = dG (4-5)
Most of the experimental observations in the study of elastomers have been made
under conditions of constant pressure. This indicates that work done on an element of
material is best represented by the Gibbs free energy. Several investigators have used the
simplified Helmholts free energy equation which differs from the Gibbs free energy by the
single differential term PdV. This simplification can often be made in the case of
elastomers since they behave in a nearly incompressible manner, so the change in volume
(dV) is nearly zero.
The work done on an elastoraeric material (dW), originally of length (1), when it is
extended under the action of a tensile force (f) is given as:
dW = fdl (4-6)
Using the first law of thermodynamics and setting the work done on the material
equal to the Helmholtz free energy gives:
fdl = dU-TdS (4-7)
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d 1 -m. (4-8)
The entropy term cannot be measured directly by any known experimental method,
so a further manipulation is required. The Helmholtz free energy in its most general form
is:


















It was shown by Meyer and Ferri' (1935) and later by Gee^ (1946) that the tensile
force of a rubber specimen at constant length is almost linearly proportional to the
absolute temperature and the force can be extrapolated nearly to zero tension at absolute
zero. This was an early indication that the contribution of the internal energy to the tensile
force is small.
Although when modeling elastomeric behavior, the internal energy contribution to
the tensile force is typically neglected, its contribution is not always insignificant. As an
^ K.H. Meyer and C. Ferri, Helv. Chim. Acta, 18, (1935), 570.
^G. Gee, Trans. Faraday Soc. 42, (1946), 585.
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example, it was shown^ that, for the case of natural rubber at room temperature, the
internal energy contribution dominates at true strains below about 40% at which point the
energy and entropy contributions were nearly equal. At larger values of strain, the entropy
term dominates. For strain values greater than 150%, the force could be explained almost
completely on the basis of entropy changes. In the case of natural rubber, the contribution
of the internal energy to the force is about 15% of the total. Other studies'* -^ (1961, 1962)
confirmed these results, claiming that the internal energy contribution to the total tensile
force is approximately 20% of the total force at room temperature. Although these values
are not trivial, the internal energy contributions to the deformation of elastomeric materials
are neglected in most of the commonly used constitutive modes. The result is that while
the constitutive models in linear elasticity consider a material to behave like a linear
(Hookian) energy spring, rubber elasticity considers the material to act like an entropy
spring. The models which completely neglect the contribution of internal energy are
known as ideal rubber models.
It has been observed that the temperature of some elastomers increase when
stretched to very high values of strain. This behavior can be partly due to crystallization
which can occur in some amorphous polymers at very large values of strain. Recall the
Gibbs free energy (G):
dG = dH-TdS (4-12)
A system is in a state of thermodynamic equilibrium when the Gibbs free energy is
at a minimum. In the case of semi-crystalline polymers (which do not display any
elastomeric behavior), the temperature at which phase equilibrium exists between the
crystalline form and the amorphous form is known as the melting point (Tm). Above this
temperature the polymer is in the amorphous phase and below it is semi-crystalline. The
melting point occurs when the Gibbs free energy difference between phases is equal to
zero.
^I.V. Yannas, "Introduction to Polymer Science and Engineering: A Set of Lecture Notes," Deformation
and Fracmre of Polymers. Massachusetts Institute of Technology, 1994, p. 149.
''G. Allen, U. Bianchi and C.Price, Trans. Faraday Soc, 59, (1963), 2492.
* A. Ciferri, Makromolet Chem., 43, (1961), 152.
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From (4-12), the following expression is obtained for the melting point:
T„ =m
AS
where: A H is the enthalpy of fusion (4-13)
A S is the entropy of fusion
Strain crystallization occurs in some amorphous polymers at large values of strain
because, as polymer chains are stretched, they become more highly aligned. In this highly
aligned state, the entropy associated with the chain is very low. The entropy of a polymer
can be calculated using the Boltzmann relationship from statistical thermodynamics as
follows:
S = kln^
where: k is Boltzmann' s constant (1.38066 x 10"" J /K) (4-14)
a. is the number of possible confomations which a polymer chain can adopt
The entropy of a polymer chain in a highly extended state is low by equation (4-
14) because the number of possible configurations is small. This is offset somewhat by the
large decrease in enthalpy which occurs during crystalUzation. If the change in enthalpy
(latent heat) is greater than the product of the melting temperature and the entropy
change, crystallization is thermodynamically favored since this phase has a lower value of
the Gibbs free energy. The formation of crystals results in an increase in modulus. An
increase in temperature which occurs in strain crystallizing elastomers is due to the change
in enthalpy which occurs during the change in phase from the amorphous to crystalline
state.
The degree and rate of crystallization depends on the extension of the material and
the length of time the extension is maintained. As an example, natural rubber at strains of
300-400% crystallizes very rapidly to a degree of crystallinity of over 30%^ . By contrast,
experiments on butadiene rubbers^ show that these materials do not crystallize at all when
*R.J. Young and P.A. Lovell, Introduction to Polymers Second Edition (London: Chapman and Hall,
1994), p. 303.
' W.O.S. Doherty, K.L. Lee and L.R.G. Treloar, Brit. Polymer J., 12, (1980), 19.
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extended. These and other elastomers which do not crystallize at large values of strain
still demonstrate a temperature increase when stretched at high strain rates.
The increase in temperature due to high strain rate loading can be explained by
looking at the adiabatic extension of an elastomer^ . When the load is applied very rapidly,
there is not enough time for the material to reach thermal equilibrium with the
environment. This behavior can be modeled as an adiabatic process (dQ = 0), which is
also isentropic (dS = 0). The rise in temperature as the length is increased in this process




where: C, is the heat capacity of the elastomer held at constant length (4-15)
X is the extension ratio (1 / Iq )
Using equation (4-10), this relationship can be rewritten as:
[dXJs ~ C, UtJ, (4-16)
where: C , is the heat capacity of the elastomer held at constant length
It can be concluded from equation (4-16) that the temperature of an elastomer will
rise when it is stretched adiabatically as long as the derivative of force with respect to
temperature for a specimen held at a fixed length is positive. The earlier discussion shows
that this is usually the case. The temperature rise resulting from the adiabatic extension of
natural rubber is shown in Figure 4-1. It should be noted that this material crystallizes at
large values of strain, which likely accounts for the increase in slope at strains greater than
about 300%.
The key observation of this section is that the deformation is assumed to be
controlled almost entirely by changes in entropy for large strain as a randomly oriented
macromolecular chain undergoes deformation. The next section will look at the entropy
of an individual chain, and how this type of model can be used to model the deformation
of an elastomeric material.






Increase in temperature, AT, upon the adiabatic extension of an elastomer (vulcan-
ized natural rubber) {data of Dart, Anthony and Guth reported by Treloar).
R.J. Young and P. A. Lovell. Introduction to Polymers 2nd ed.




4.20 Entropy of a Single Polymer Chain
The entropy of a polymer chain was derived based on a mathematical model
known as the "random walk" by Kuhn^ (1939) and Guth and Mark^°(1934). The model
used in this analysis was a freely joined chain composed of (N) links, each of length (1). In
a freely joined chain, each link is allowed to freely rotate and pivot without restriction
relative to its neighbor. The chain end-to-end distance (r) is the distance from point (P),
located at the origin to point (Q) located at a point in space as shown in Figure 4-2. If the
end-to-end distance is much less than the fully extended chain length (Nl), the probability
that (Q) lies within an elemental volume dx dy dz at a distance (r) from the origin is given
represented by a Gaussian function as follows:




This vector probability can be expressed as a scalar probability, P(r) dr, by noting
that the set of all possible values of the vector probability described above would trace out
a spherical shell of radius (r) and thickness (dr). In other words, the scalar probability,
(P(r)dr) that the scalar value of (r) lies between position r and r-i-dr is:






The number of possible conformations is proportional to the probability, P(r),
defmed above. The entropy of a single macromolecular chain can be expressed as:
s = c-kbV =c-kb'(x^+y^+z=)
^^jg^
where: c is an arbitrary constant
This entropy equation is based on the assumption that the chain end-to-end
distance (r) can be represented by a Gaussian function. A chain which conforms to these
'W. Kuhn, killoidzeiischnft, 76, (1936), 258; 87, (1939), 3 .
'°E. Guth and H. Mark, Ut. Chem., 65, (1934),93.
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Freely jointed chain made of (N) identical links, each of
length (1).
I.M. Ward, Mechanical Properties of Solid Pohmers 2nd ed (New
York:John Wiley and Sons. 1990), p. 66. Figure
4-2
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assumptions is known as a Gaussian chain, and the bulk materials are known as neo-
Hookian.
The elasticity of a molecular network can be derived directly from the equation for
the entropy of a single macromolecular chain. This analysis will consider the deformation
of a chain from point (Q) to (Q') as shown in Figure 4-3.
In fmite strain elasticity, the deformations are typically defined in terms of
extension ratios. These extension ratios, designated K are the ratios of the deformed to
undeformed lengths in the three principal directions and are given as:
X,' = l + 2e„
X,' = l + 2e^y
(4-20)
X,' = l + 2e^
and Cy, = e„ = e,y =0
At large values of strain, the second order effects in the strain-displacement
equations which are typically ignored in the case of small strain elasticity (linear elasticity)
become significant and need to be reintroduced.
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0'{x:y\j')
The end of the chain Q (j:, y, z) is
displaced to Q (x', y', z').
I.M. Ward. Mechanical Properties ofSolid Polymers 2nd ed. (New
York:John Wiley and Sons, 1990), p. 68.
Figure 4-3
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dw dv du du dv dv
dy dz dy dz dy dz dy dz
du 3h' du du 3v9v dw d\i'
dz dx dz dx dz dx dz dx
dv du dudu av Bv aw aw
+— + + + •
(4-21)
dx dy dx dy dx dy dx dy
where: e„ , eyy , and e^ , are the normal finite strain components
in the x, y, and z directions respectively
Cy^ , e^ , and e^y , are the shear finite strain components
The system of equations has been simplified by considering an isotropic element of
material subjected to homogeneous pure strain. In this state, the three mutually
orthogonal axis known as the principal strain directions are not rotated during
deformation. As a consequence, the displacements can be represented by three normal
strains known as the principal strain components oriented in a set of three mutually
orthogonal directions known as the principal strain directions. In this case, all of the
shear strain components are identically zero. Any mutually orthogonal material
orientation system can be transformed into the principal strain orientation by the well
known eigenvalue/eigenvector transformation. As a consequence, the remainder of this
discussion will only consider a state of homogeneous pure strain with no loss in generality.
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When a chain end is deformed from point (Q) to (Q') it moves from point (x,y,z)
to point (x',y',z'), where:
x' = X 1 X
y' = ?t 2 y (4-22)
X' = X 3 Z
The change in entropy when the chain deforms from (Q) to (Q') can be expressed
as follows:
As = -kb^[(?i,' - \)x') + {X,' - \)y')+{X,' - l)z')] (4-23)
After summing the contribution of all chains in a network, the following expression
is obtained for the total change in entropy as the entire chain network is deformed:
As = --r\k(X,^+X'+X' -3)
2 ^ ^ (4-24)
where: n is the number of chains per unit volume in a network
Recalling the change in Helmholtz free energy:
AA = AU - TAS (4-9)
Assuming the change in internal energy is neghgible gives:





The strain tensor (a second-rank tensor) possesses three quantities known as strain
invariants which are independent of the choice of coordinate system. These strain
invarients are, in general, functions of both normal and shear components of strain. In the
case of homogeneous pure strain, the three strain invarients Ii, I2, and I3 can be reduced to
principal extension values as follows:
12 = Xj^Xj^+Xi^Xj^+Xj'Xj^ (4-26)
13 = Xj A.2 X,3
As a simplifying assumption, elastomeric materials are often assumed to be
incompressible so the strain invariant I3 is approximately equal to 1.0.
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The stress-strain relationships in rubber elasticity are most often defined in terms of
a strain-energy functions which are given the symbol (U). This strain energy function is
actually one of several thermodynamic quantities with experimentally determined
constants, the choice of which depends on the conditions under which the experimental
constants were determined. Four strain-energy functions are typically defined which are
numerically equal to either the internal energy, the enthalpy, the Helmholtz free energy, or
the Gibbs free energy.
In the case of the Gaussian chain network, the strain-energy function is equal to
the change in Hebnholtz free energy if the strain-energy function is assigned a value of
zero in the undeformed state as follows:
U =AA = -nkT(li-3) (4-28)
The constant nkT is equal to the shear modulus (G) of the material. It can also be
represented in terms of the density of the material as follows:
G = nkT =
^pRT'
.^c J
where: p is the density of the material (4-29)
R is the universal gas constant
M 5 is mean molecular weight of the chains
It can be shown that the true stresses which result from the deformation of an




+ p; c, =
where: p is an arbitrary hydrostatic pressure and, (4-30)
i, j = 1, 2, and 3
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The principal stresses are only determinant to within an arbitrary hydrostatic
pressure. As a consequence, the stresses are sometimes represented as the differences
between principal stresses.
As an example, consider the case of uniaxial tension or compression of a specimen



























On = G K'- — (4-31)
The neo-Hookian form of the strain energy function is the simplest function which
can be used to describe the deformation of a polymer chain and is limited by the
assumption that the chain end-to-end distance (r) is much less than the fully extended
length (Nl). A more general description based on Langevin statistics which allows for the
modeling of large stretch behavior will be discussed in the next section.
4.30 Non-Gaussian Finite Strain Models
The Gaussian model mentioned in the previous section is a simple representation
of an amorphous polymer based on the assumption that the chain end-to-end distance (r) is
small relative to the fully extended or locking stretch of the chain (Nl). A modification to
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the Gaussian theory to allow for accurate modeling of the large stretch behavior of
elastomers was initially developed by Kuhn and Grun'' (1942). The modification began
with the introduction of the Langevin probability distribution denoted by the symbol {£,)
which led to the following probability distribution for a freely joined chain:
Inp(r) = c - n
Nl sinh(p)_
r 1
where: / (B) = — = coth B - —
^
Nl ^ p





and the entropy can be expressed as:
s = k [In p(r)] = kN
(4-32)
Nl sinh (p)_
When expanded into an infmite series, the probabiUty distribution In p(r) and the
entropy equation can be expressed as follows:
In p(r) = c - N
2VNi; 20VN1J 3501n1
so the entropy of a single chain can be expressed as:
s = c - kN
99
iVmj 20VN1; 350 VNl
(4-33)
" Kuhn, W. and Grun, F., KilloidZ. 101, (1942), 248.
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The first term of the series representing the entropy for the Langevin distribution
recovers the Gaussian distribution. This can be shown as follows:
2^
s = c - kN
-f-2lNl






s = c - kb^r'
which is the entropy of a single Gaussian chain given in equation (4-19)
The Langevin probability distribution has been used by several investigators in
multiple chain models to predict the large stretch behavior of elastomers. These models
include a three chain model developed by Wang and Guth^^ (1952), and a tetrahedal
model developed by Flory and Rehner^^ (1943). In a recent study, an eight chain model
was developed by Boyce and Arruda'" (1993) as shown in Figure 4-4. In this model, it is
assumed that the material behaves incompressibly and the sides of the element shown in
Figure 4-4 remain aligned with the principal stretch directions during deformation. The
unstretched network contains eight chains, each of length To = VnI in a cube of
2
dimension ao = -p^ r^, . Following a development similar to that for the Gaussian chain, the
V3
strain energy potential for this eight chain model can be expressed as a function of the first
strain invariant as follows:
U = nkT










*^ Wang, M.C. and Guth, E., J. Chem. Phys. 20, (1952), 1144.
*^ Flory, P,J. and Rehner, J., / Chem. Phys. 11, (1943) 512.
** Boyce, M.C. and Arruda, E.M., J. Mech. Phys. Solids 41, (1993) 389.
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The ciiihi chjin nciuork m j >irciLheC .i.-ntieurjiion
Ellen M.Amida and Mary C. Boyce. "A Three-Dimensional
Consiiiuiive Model for the Large Sirech Behavior of Rubber Elastic
Matenais." J. Mech. Phys. Solid. Vol.41. No.2.(1993). 395-396.
Figure 4-4
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4.40 Phenomenologjcal Invariant-Based Models
Phenomenological invariant based models attempt to model the strain energy
potential of an elastomer as a function of the first two strain invariants (Ii and I2),
assuming the materials are incompressible and initially isotropic. Several of these theories
including those of Mooney*' (1940), Rivlen'^ (1948), Valanis and Landel'"' (1967) and
Ogden^^ (1972) are discussed in two articles by Treloar*'^^ (1975, 1976). These models
are essentially curve fits to experimentally obtained data.
The most commonly used representations are the Ogden and the so called
Polynomial representations. The polynomial representation for the strain-energy function
is expressed as follows:
i = 0.j =
where: C-^ are experimentaly determined and describe (4-36)
the shear behavior of the material
The neo-hookian form presented earlier is the first term in the polynomial series,
and can be obtained by setting i=l and j=0. This model may be viewed as a full
generalization of the relationship derived by Mooney in 1940.
Mooney derived his strain energy potential relationship under the assumption of a
linear stress-strain relationship in shear. The Mooney equation can be expressed as
follows:
U = C,(I,-3) +C2(l2-3) (4-37)
The Mooney equation is therefore the simplest version of the polynomial
representation which contains both the first and second strain invariant, and is obtained by
setting both i=l and j=l.
^^ Mooney, M., J. app. Phys, 11. (1940), 582.
'^Rivlin, R.S., Phil. Trans. R. Soc. bond. A. 241, (1948), 565.
"Valanis, K.C. and Landel, R.F., J. appl. Phys. 38, (1967), 2997.
"Ogdon, R.W., Proc. R. Soc. bond. A 326, (1972), 565.
''Treloar, L.R.G., The Physics ofRubber Elasticity. Oxford University Press. Oxford. 1975.
^''Treloar, L.R.G., Proc. R. Soc. Locnd. A. 351, (1976), 301.
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are experraentally determined constants
The stresses in the principal coordinate system, resulting from the use of the
Ogden strain-energy function is represented in indicial notation as follows:
c^u = i^^?^."' - P (4-39)
n= 1
4.5 Furtiier Uses of Finite Strain Elasticity
The fmite strain theories presented in this chapter were developed to model the
behavior of elastomeric materials, but they can be used to model the entropic component
of any amorphous polymer finite strain event.
Finite strain elasticity is often used in the modehng of finite strain plastic
deformation in glassy polymers. After the yield stress is reached, a polymer begins to flow
as plastic deformation occurs. During this process, the polymer chains become
increasingly more aligned, thereby decreasing their configurational entropy. The decrease
in configurational entropy results in a significant increase in modulus as the plastic strain
becomes large. This change in entropy of the polymer can be viewed as a component of
the total plastic work which is stored and therefore not dissipated during plastic
deformation. Eventually the alignment reaches a point where nearly all of the plastic work
goes to stored energy and plastic deformation cannot occur. This point is reached near
the locking stretch of the material. The use of finite strain elasticity in the modeling of the
yield process will be discussed in greater detail in Chapter 6.
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5.0 LINEAR VISCOELASTIC BEHAVIOR
This section will review the basic undeq^innings of linear visoelastic theory, which
introduces rate dependence to small strain theory. Visoelastic effects are important in
polymer materials because the measured value of the modulus of elasticity is often rate-
dependent. This rate dependency can only be quantified by the inclusion of a viscous term
in the constitutive equations.
Linear viscoelastic behavior is exhibited by polymer materials subjected to small
strain at temperatures within approximately 30°C of the glass transition temperature (Tg).
This theory can be viewed as the counterpart of the small strain elastic model (Hooke's
Law), which is modified to account for time-dependent behavior. The effects of time are
not included either in linear or finite strain elasticity. Viscoelastic theory strictly applies
only to the case of very small strain. Reasonable limits of linear viscoelastic theory for








When these strain limits are exceeded, the stress/strain relationships become
nonlinear, and the theoretical analysis becomes significantly more complex.. As a
consequence, the analysis of real polymers in the non-linear visoelastic region is typically
handled by means of numerical, empirical or semi-empirical methods.
The most important practical use of linear viscoelastic theory lies in the
experimental determination of phase transformations, such as the glass transition
temperature (Tg), by means of Dynamic Mechanical Analysis (DMA). In DMA, a
' I.V. Yannas, "Introduction to Polymer Science and Engineering: A set of Lecture Notes," Deformation
and Fracture of Polymers, Massachusetts Institute of Technology, 1994, p. 127.
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specimen is subjected to a small amplitude sinusoidal load, so the assumptions made in
linear visoelastic theory are valid. DMA will be discussed in greater detail in Chapter 8.
The following sections outhne the basic mechanical models used to describe
viscoelastic behavior including creep and stress relaxation, the Boltzmann integral, and the
time-temperature superposition principle.
5.10 Mechanical Analogies Representing Linear Visoelastic Behavior
The three most common models used to describe linear viscoelastic behavior are
the Kelvin-Voight, Maxwell, and Standard linear solid models (see Figure 5-1). These
models contain various combinations of Hookian springs and Newtonian dampers, and
form the fundamental basis for more complex visoelastic models used to describe the time
dependent behavior of materials subjected to small strain.
The two most common experiments used in the description of viscoelastic material
behavior are stress relaxation and creep. In a stress relaxation experiment, a material is
subjected to a constant strain, and the stress decreases over time with a characteristic time
constant. In a creep experiment, a constant stress is applied and the strain increases
exponentially with time at the same characteristic time constant.
The Maxwell model consists of one Hookian spring and one Newtonian damper in
series and is the simplest model which can be used to describe stress relaxation. When
loaded under a uniform axial stress, a, the total stress and strain in the system is given by:
where: a
s
and e j are the stress and strain in the spring
a D and e ^ are the stress and strain in the spring






where: E is the modulus of elasticity






Mechanical models used to represent the viscoeUistic behaviour of polymers, (a)
Maxwell model, (b) Votgi model, (c) Standard linear solid.
R.J. Young and P.A. Lovell. Introduction to Polymers 2nd ed.
(New York:Chapman & Hall, 1992), p.325. Figure 5-1
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Combining equations (5-1) and (5-2) gives the following linear ordinary differential
equation representing the response of a MaxweU model under an applied stress:
de 1 da a
— = +— (5-3)
dt E dt Ti
In the case of stress relaxation, the stress is given as:
0(0 = aoexp(-t/To)
where: a q is the inital stress at t = (5-4)
T = r|/E is the relaxation time
The negative exponential term in the stress relaxation equation gives an indication
as to how quickly the stress will relax to a steady state value. The most common
definition of the relaxation time, known as the characteristic relaxation time (CRT), is
the time required for the stress to reduce to 63% of its original value. Small values of
CRT indicate a material which relaxes quickly, while large values result in behavior which
approaches linear elastic material behavior in the hmit of an infinitely large relaxation time.
The Kevin-Voight model consists of a Hookian spring and a Newtonian damper
in parallel and represents the simplest model which can adequately describe creep
behavior. Under the action of a uniform strain (e), the total stress and strain in the system
is given as follows:
£ = £§ = £ D
' "^
(5-5)
where: a s and Eg are the stress and strain in the spring
a p and e ^ are the stress and strain in the spring




In the case of creep, the strain decays with time as follows:
e(t) = ^[l-exp(-t/To)] (5-7)
The Maxwell and Kelvin-Voight models represent first order approximations of
stress relaxation and creep behavior respectively. Neither is capable of adequately
54
describing both of these important phenomenon. Figure 5-2 shows the stress relaxation
and creep behavior of both the Kelvin-Voight and Maxwell models. Note that the Kelvin-
Voight model displays no stress relaxation, and the Maxwell model shows a linear increase
in strain with time. Both of these are clearly non-physical.
To capture the exponential response both in stress relaxation and creep, a model
known as a standard linear solid was developed^ . It consists of a Maxwell element in
parallel with a Hookian spring. It can be shown that the differential equation for this








(5-8)where: r| ^ and E^ are the elements of the Maxwell model
Ej is the parallel spring element
This model adequately represents the quahtative behavior of a polymer under both
stress relaxation and creep. The behavior in the case of creep is shown below to
demonstrate the increase in complexity as compared with either the MaxweU or Kelvin-













The standard linear solid can be used to qualitatively represent the behavior of a
polymer, with a significant increase in complexity as compared to either the Maxwell or
Kelvin-Voight models. In order to quantify the viscoelastic response of a real polymer, a
large number of series and parallel spring/damper combinations are required, a process
which can quickly become computationally intractable. A more usable approach involves
the use of combinations of empirically obtained data, and curve fitting techniques, at the
expense of physical significance. These approaches require the introduction of the
Boltzmann integral and the Boltzmann superposition principle.
'C. Zener, Elasticity and Anelasticity ofMetals, Chicago University Press, Chicago, 1948.
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The behaviour of (he Maxwell and Voigi models during different types of loading, (a)
Creep (constant stress CToJ, (b) Relaxation (constant strain e^) (after Willia/ns).
R.J. Young aiid P. A. LovelJ. Introduction to Polymers 2nd ed.
(New YorkiChapman & HaU, 1992). p.326.
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Figure 5-2
5.20 The Boltzmann Integral and the Boltzmann Superposition Principle
The assumption that the relationship between stress and strain is hnear allows for
the definition of two important quantities in the study of linear viscoelastic behavior: the





The Boltzmann superposition principle states that the strain (£i) at any time (i)
due to an increment in stress (Ac) applied at time (x, ) is given as follows:
£i(t) = (Aa.)J(t-T.) (5-11)
An important premise in the theory is that all previous loadings effect the state of
stress. In practice, the effects of all previous loading histories can be eliminated from a
polymer by raising the temperature to approximately 30-40 degrees Celcius above the
glass transition temperature in a process which is similar to anneahng. The sum of all the
loadings can be expressed as:
£(t) = X(AaJJ(t-T J (5-12)
n=0
In integral form, the Boltzmann integral takes the form of a Duhamel integral as
follows:
£(t) = Jj(t-T)^^^I (5-13)
J di
The Boltzmann integral can also be expressed in terms of the stress relaxation
modulus as:
a(t) = ]E(t-x)^^T (5-14)
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An exact relationship can be derived between creep compliance and stress
relaxation using Boltzmann integrals and convolution as follows:
JE(x)J(t-T)dx =
J
J(T)E(t-T)dx = t (5-15)
The exact relationship is often implemented in numerical codes. An approximate





where: m is the negative slope of the stress (5-16)
relaxation curve at t
In the case of linear and finite strain elasticity, the compliance is the inverse of the
modulus. Equation (5-16) can be used to qualitatively estimate the effect of neglecting
viscous effects from the slope of the relaxation modulus master curve. Since the sine(0) is
approximately equal to when is small, a relatively small error is incurred when
neglecting viscous effects near the beginning of the sloping regions of the stress relaxation
curve. As an example, the error when the slope is 20 degrees from horizontal is only 2%.
The production of the stress relaxation master curve will be discussed in a later section.
The Boltzmann integral can be used to obtain a qualitative description of the
viscoelastic response of a real polymer based on relaxation and retardation time spectra.
The interested reader is referred to any standard text on the mechanics of solid polymers
for more information on these topics. The next section will focus on numerical
approximations used by several finite element codes such as ABAQUS'' to describe the
viscoelastic response of real polymers.
Most finite element codes use experimentally obtained data and curve fitting
methods to approximate visoelastic behavior. Often, the codes split the problem into
deviatoric and volumetric components which are solved in separate operations. The
M.V. Yannas, "Introduction to Polymer Science and Engineering: A set of Lecture Notes," Deformation
and Fracture of Polymers, Massachusetts Institute of Technology, 1994, p. 127.
* Hibbitt, Karlsson, and Sorenson, eds., Analysis of Viscoelastic Problems with ABAQUS, (1994), pp.3-1
3-23.
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deviatoric component of the stress tensor is obtained by subtracting the hydrostatic
pressure from the stress tensor. The pressure is defined as one third of the trace of the
stress tensor. For simpUcity, an explanation of semi-empirical methods will be presented
assuming incompressible material behavior. In this case, the bulk modulus is assumed to
be infinitely large and the volumetric effects can be neglected.
5.30 Semi-Empirical Methods Used in Modeling Viscoelasticitv
In most of the numerical approximations of linear viscoelatic behavior, the
Boltzraann integral for stress relaxation is rewritten entirely in terms of stress. This is
done to allow the same form to be used for finite strain viscoelasticity, which will be
discussed shortly. Using integration by parts, equation (5-14) can be written as follows:
1 fdG(T)
, ,^
a(t) = c,it) + --I—-^ao(t-x)dT
Go d'^
where: Gq is the instantanous elastic shear modulus
(5-17)
The relaxation modulus can be determined using a Prony series, which is given as
follows:
G(T) = G„ l-Xg,''(l-e-'/''°)
where: g;^ is obtained by applying several stress levels,
measuring the relaxation time, and curve fitting the results (5-18)
T is the time, and x -^ is the characteristic relaxation time
N is the number of terms in the Prony series
This procedure uses a set of experimentally obtained relaxation times and curve fits
the results to within a default (or user-defined) average RMS error in the non-linear least
squares estimate. Once obtained, the Prony series is used with concepts from the most
elementary models of viscoelasticity to quantify the visoelastic response of real polymers.
The same numerical procedure can be used to add rate dependency to isotropic
finite strain viscoelasticity. Although viscoelasticity strictly applies only to small strain
time-dependent behavior, finite strain visoelasticity of elastomers can be analyzed utilizing
a Prony series as described in the small strain viscoelastic case.
Equations (4-36 to 4-39) described the Polynomial and Ogden functions, two of
the phenomenological models used to describe the strain energy potential for the finite
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strain behavior of elastomers. Rate-dependency is added to these models by means of a
Prony series modification of the elastic constants.
The Polynomial form is given as:
i = 0,j =
where: C^ are experimentaly determined and describe (4-36)
the shear behavior of the material
The Ogden form is given as:
.r^a} ' ' ' ^ (4-38)
where: |i^ and a„ are expermentally determined constants
Time-dependency is introduced by modifying the coefficients Cjj in the Polynomial
form and |in in the Ogden form using a Prony series as follows:
M.(T) = H.°('l-Ig/(l-e""'°)] (5-19)
where: C^" and fi/ are the instantanuous values (at t = 0)
5.40 The Time-Temperature Superposition Principle
The assumption of linear viscoelasticity allows for the production of a master
stress relaxation (or creep compliance curve) for amorphous polymers based on an
extrapolation procedure developed by Williams, Landel, and Ferry^ . These curves are
expressed as log(time) versus log(creep compliance or stress relaxation). An example
stress relaxation curve for polyisobutylene is shown in Figure 5-3. The theory states that a
master curve can be obtained which spans many decades in time from data obtained over a
much narrower range of time. The extrapolation is performed using a shift factor which
equates the effect of time and temperature on the behavior of an amorphous polymer.
This is known as the time-temperature superposition principle. The creep test is easier
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Modulus-time master plot for polyisobutylene based on time-temperature
superposition of data to a reference temperature of 25°C.
Richard W. Henzberg, Deformation and Fracture Mechanics of




to perform than stress relaxation, and the curve can be transformed into a master stress
relaxation curve using equation (5-15).
The first step in the production of a master curve is to perform a series of creep or
stress relaxation tests over a relatively short but fixed time interval (usually between one
hour and one day) at a variety of temperatures. The range of test temperatures should be
wide enough to capture the glassy behavior at the lowest temperatures as well as the
elastomeric behavior at the highest temperatures. The master curve will represent the
behavior of an amorphous polymer over many decades of time at a desired temperature.
The temperature corresponding to a master curve is the experimentally determined
temperature which is not shifted. The curve can be obtained by shifting the curves taken
above the desired temperature to the right (forward in time), and those taken below the
test temperature to the left (backward in time) along the horizontal (time) axis. Once
completed, the entire master curve can be shifted to represent any temperature. The
horizontal shift has been shown to be nearly identical for all amorphous polymers and can
be defined by a quantity known as shift factor.
The shift factor, denoted by the symbol aj, which was determined experimentally
by Williams, Landel, and Ferry can be expressed as follows:
17.44 (t - tJ
log(aT) = (5-20)
51.6-h(T-Tj
The shift factor is used to equate the effect of time and temperature in °C. The
time variable can take on any of the following forms, representing effects of time directly,
as well as changes in frequency, or changes in strain rate. The effect of an increase in one
of the time variables can be represented as a decrease in temperature as follows:





Using equations (5-20) and (5-21), it can be shown that a increase of one decade
in one of the time variables, results in an upward shift of 3.14 degrees in Tg.
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Although this expression was obtained experimentally, it is often given physical
significance based on arguments related to fractional free volume^ . Figure 5-4 shows the
specific volume versus temperature for a typical amorphous polymer. Below Tg, the free
volume (volume occupied by voids) is constant and begins to increase at temperatures
above Tg. The occupied volume (the volume which is occupied by the polymer
macromolecules themselves), increases linearly with increasing temperature.
The fractional free volume which can be expressed as follows:
f = f, -ha,(T-T,)
where: f = \J\ is the fractional free volume
fg is the fractional free volume at Tg
Vf is the free volume (5-22)
V is the total volume
ttf = asohd -ai,qu.d is the coefficient of
expansion of the free volume
The Doolittle viscosity equation is used to relate viscosity to free volume as
follows:
r| = aexp(^(v-Vf )/Vf) or
hi(ri) = ln(a) + b(l/f-l) (5-23)
where: a and b are experimentally obtained constants
A shift factor (aj) can be defmed by assuming that the polymer behaves as a
viscoelastic material with a characteristic relaxation time (x). Recall from the Maxwell
model, that the relaxation time is given as the ratio of the viscosity to the material modulus
of elasticity.






















ship for a typical amorphous polymer.
I.M. Ward, Mechanical Properties ofSolid Polymers 2nd ed. (New
YorkJobn Wiley and Sons, 1990), p. 150. Figure 5-4
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Assuming the temperature sensitivity of the viscosity is much greater than the




where: r|^ is the viscosity at the temperature T (5-24)
tItj is the viscosity at the temperature Tg
Using equations (5-17) and (5-18), the shift factor can be expressed as:
(b/2.303fjT-Tj
log^T = —— (5-25)
From equations (5-15) and (5-19), it can be seen that the fg = 0.025 so the glass
transition temperature is reached when the fractional free volume reaches 2.5% and Of =
4.85 X 10^ degC\ It has been shown experimentally that the fractional free volume for
most amorphous polymers at Tg is 0.025 ± 0.003 and the coefficient of thermal expansion
has a "universal average" value of 4.8 x 10-4 C'.^
'l.M. Ward, Mechanical Properties ofSolid PolymersX^t^ York: John Wiley and Sons, 1983), p.l52.
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6.0 YIELD AND POST-YIELD BEHAVIOR OF GLASSY POLYMERS UNDER
COMPRESSIVE LOADING
The previous chapters have discussed the small strain behavior of amorphous
polymers in the elastic and viscoelastic regime, as well as the finite strain behavior of
elastomeric materials. This chapter will utilize and expand on the concepts developed in
chapters 2-5 in the presentation of a 3-D coupled thermal-displacement viscoplastic
constitutive model which has been used successfully to describe the temperature and rate
dependent plastic deformation of glassy polymers. The theory will be reduced to the case
of uniaxial compression, therefore crazing and fracture will not be discussed. The
interested reader is referred to one of the many texts on polymer material mechanics for
information on these topics. The uniaxial compression model will be further reduced to
model the yield stress as function of strain rate.
6.10 Description of the Stress-Strain Curve
The stress-strain curve for an amorphous polymer loaded isothermally in
compression has a characteristic shape which is shown in Figure 6-1. In the glassy regime,
the small strain behavior is modeled using the theory of linear elasticity, which is used to
determine the modulus of elasticity of a glassy polymer. When strained beyond the limits
of linear elasticity, the slope of the stress/strain curve decreases until it reaches a maxima.
The stress at that point is known as the yield stress, which typically occurs between 5 and
10 percent true strain.
Following yield, glassy polymers undergo strain softening. This is seen in the
stress/strain curve as a significant drop in load as further strain is applied beyond yield
point. This behavior is a global response to microscale inhomogeneous deformation
mechanisms such as shear banding. As the polymer continues to be strained, the stress
reaches a steady state value where it remains until alignment of the macromolecular chains
results in strain hardening.
Strain hardening occurs as the chains within the plastically flowing polymer
becomes increasingly more aligned. This increase in alignment results in a decrease in
configurational entropy, which can be equated to an increase in the modulus of the
material. As a consequence, strain hardening results in an increasing barrier to plastic
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deformation with increasing strain. This effect is primarily entropic and can be modeled
using Langevin statistical finite strain theory.
The yield stress is a strong function of both temperature and the strain rate. It
generally decreases with increasing temperature and decreasing strain rate, eventually
decreasing to zero as the polymer approaches the glass transition temperature. As a
result, the process of yielding only occurs in polymers which are in the glassy region. The
remainder of this chapter will discuss the constitutive modeling of the yield and post-yield
behavior of glassy amorphous polymers as a function of temperature and strain rate.
6.20 Constitutive Modeling
The constitutive modeling of the yield and post-yield behavior of glassy polymers
is a relatively new endeavor. To capture the effects of temperature and load rate, the
model must consider the temperature and displacement components in a fully coupled
form. A successful approach was developed by Boyce* et.al. (1988) based on a model
originally proposed by Argon^ (1973). A physically-based three dimensional approach is
used, which includes a fully coupled temperature-displacement viscoplastic model.
Following the presentation of the complete theory, the model will be reduced to the case
of uniaxial compression in a somewhat simplified form for use in this study.
The model is based on the assumption that the total resistance to plastic
deformation in a glassy polymer is due to two distinct physical barriers as described by
Boyce and Arruda (1995)^. The first of these is an isotropic barrier to chain segment
rotation, and the second is an anisotropic resistance to chain alignment This impUes that
some of the total plastic work is dissipated during plastic deformation, and the remainder
is stored, providing additional resistance to further plastic deformation.
' Boyce, M.C., D.M. Parks and A.S. Argon (1988), Large Inelastic Deformation in Glassy Polymers, Part
1: Rate Dependent Constitutive Model, Mech. Mater 7, pp. 15-33.
^ Argon, A.S. (1973), A Theory for the Low Temperature Plastic Deformation of Glassy Polymers, Philos.
Mag. 28, pp 839-865.
' Amida, E.M., M.C. Boyce, and R. Jayachandran (1995), Effects of strain rate, temperature and
thermomechanical coupling on the finite strain deformation of glassy polymers, Mech. Mater. 19, pp. 193-
212.
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The force which drives the plastic deformation in a glassy polymer is the effective
equivalent shear stress (the shear flow stress), which is given as follows:
X = (s + ap) 1 + kB0 In
%
A(s + a p)
where: s is the athermal shear strength
a is the pressure coefficient
p is the pressure
kg is the Boltzmann constant
(6-1)is the Absolute temperatue
A(s + a p) is the zero stress level activation energy
modified to include pressure effects
Y o is the pre - exponential factor proportional to the
attempt frequency
Y Ms the applied shear strain rate
The athermal shear strength is assumed to be constant prior to the onset of plastic






fj. is the elastic shear modulus
V is the Poisson ratio
s = h 1 y*^ (6-2)
where: h is the softening slope
s^ is the preferred state of the material associated
with a completely de - aged condition
The shear modulus has a strong dependence on temperature. This dependency is
quantified by generating a series of isothermal stress/strain curves at a loading rate which
is slow enough to ensure that no temperature rise occurs during the deformation process.
The results are curve fitted using a logarithmic function to obtain the temperature
dependent shear modulus.
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The stored portion of the plastic work provides an increasing resistance to plastic
deformation with increasing strain, an effect is captured using a second-order tensor
known as the back stress. The back stress can be modeled using equations (4-30) and (4-
35) which were developed to model the finite strain behavior of rubber elastic materials
assuming that the back stress evolves with increasing chain alignment Combining
equations (4-30) and (4-35), the back stress can be written as follows:
nk,
B; =
1 Vn J A^hau,3
where: nkg© is the rubbery shear modulus
Vn represents the limiting chain extensibility





^^ ^^ inverse Langevin funtion (6-3)
A^, is the applied plastic principal stretch of
component i
A^ chain is the strech on any chain in the 8 - chain
network
Ii is the first stetch invariant
The first stretch invariant is given as:
Ii = (A'if+(A'2f+{A'3f (6-4)
Using the first stretch invariant. A'' chain can be expressed in terms of the plastic
stretch components as follows:
A^cha. = •^,j(A'^f +(A'2f +{A'^f = -^VlT (6-5)
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The strain chain density (n) in equation (6-3) is actually a function of the absolute
temperature due to chain dissociation'*
:
n(0) = B-De^''®^
where: B and D represents the portion of the network which
non - dissociating, and dissociating respectively (6-6)
E, is the thermal dissocitating energy
R is the universal gas constant (0.001695 kcal / raol K)
It has been shown that the thermally evolving chain density results in an increase in
the number of statistically rigid links (N) due to conservation of mass^ . The chain density
and the number of statistically rigid links are related as follows:
n(0)N(0) = constant (6-7)
The kinetics of deformation of a glassy polymer begins with the polar
decomposition of the deformation gradient into elastic, thermal and plastic components^
which are used to define the components of the plastic velocity gradient as follows:
F = F'F*F''
where: F%F*,F'' are the elastic, thermal, and plastic
components of the total deformation gradient
(6-8)
L = FF' = L'+F'[L*-kF*L''(F*)-'](F')-'
where: L is the plastic deformation velocity gradient
L' = F'(F')-', L* = F*(F*)-\ U = F(FP)-'
"Raha, S. and P.B. Bowden (1972), Birefringence of plastically deformed polymethylmethacrylate.
Polymer 13, \14-IS3.
* Boyce, M.C. (1986) Large inelastic deformation of glassy polymers, Ph.D. thesis, The Massachusetts
Institute of Technology.
*Lee, E.H. (1969), "Elasto-plastic deformation at finite strains". ASME / App. Mech. 36, 1.
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The thermal and plastic components of the deformation and velocity gradient are
typically grouped together as follows:
p*p _ p*pp
and,
T *p _ r)*p J. \Y*p — p*p /p*p yi
where: W**" is known as the spin and is often
set equal to zero
D*'' is the deformation rate (6-9)
D*" rrD^+aCG)!©
where: D'' is the plastic stetch
a(0) is the temperature dependent coefficient
of thermal expansion




where: N is the normalized tensorial direction




where: T*' is the deviatoric component of the driving
stress state
R* is the rotation matix to priciple strain
space
The quantity (T) in equation (6-10) is the Cauchy (true) stress and T* represents
the portion of the stress which continues to activate plastic flow and is the tensorial
difference between the Cauchy stress deviator and the convected back stress.
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The shear stress from equation (6-1) can be expressed as follows:
x=^^f*'-T*' (6-11)
The kinematic relationship from equation (6-11) is set equal to the rate and
temperature dependent flow stress equation (6-1) to quantify the plastic deformation
process.
The elastic constitutive relationship is given by:
T = -L'[ln V"]
where: J is the volume change (6-12)
V' is the Hencky strain
6.30 Heat Generation Due to Plastic Deformation
To adequately capture the thermoraechanical interaction at high strain rates, the
effect of internal heat generation due to plastic deformation must be included. The general
energy balance equation can be written as:
p c0 - div(k grad 0) = q
where: p is the density
c is the specific heat (6-13)
k is the thermal conductivity
q is the rate of heat generation
The rate of heat generation due to plastic flow can be determined using the
following equation:
q = [tr(T*'D')] (6-14)
The heat generation can result in a temperature rise in the material if the heat is not
allowed sufficient time to be conducted away. By comparing the time scale of the test to
the thermal diffusion time, the deformation process may be classified as adiabatic,
isothermal, or fully coupled.
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where: L is the distance from the center of the (6- 1 5)
specimen to the nearest heat sink
a is the thermal diffusivity
A dimensionless thermal time parameter can be defined as:
where: x »! indicates an isothermal process (6-16)
T = 1 indicates fully coupled thermal - displacement
X « 1 indicates an adiabatic process
The temperature rise during plastic deformation contributes an additional thermal
component to the strain softening of the material. When the test is conducted at a very
slow rate, the deformation process is nearly isothermal (no thermal softening occurs). As
the strain rate is increased, the softening effect becomes increasingly more pronounced.
6.40 Experimental Methods for Determining Material Properties
This section will discuss some of the possible methods which could be used to
determine the material properties required to conduct the analysis procedure. The first
step is to conduct a series of stress-strain experiments at several strain rates and a constant
ambient temperature. The value of the compressive yield stress resulting from an applied
strain rate as well as the athermal shear stress can be determined directly from the
experimental results. When attempting to predict the yield stress, the temperature can be
taken as a constant equal to the ambient temperature for the entire range of strain-rates.
This is a valid assumption since the plastic deformation is negligibly small and equation (6-
14) indicates that the heat generation is also small.
The value of the pressure coefficient can be determined directly by conducting
tests in both tension and compression, since these tests contain different pressure levels.
The pressure coefficient is the slope of the curve of the peak yield stress versus the applied
pressure.
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Once the pressure coefficient is known, the value of the constant A and 7 can be



























The reduced form of equation (6-17) is the equation of a straight Hne. By plotting
the values of ln[Y
p J
as a function of
f 1 peak
, the value of A/ks can be determined
(s + ap)
direcdy from the slope (C). With A/ks known, the value of y can be determined from
the intercept (B). Note that equation (6-17) could also be used to determine the lower
yield stress. If tensile test data is not available, a value of the pressure coefficent can be
estimated between the values of 0.10 and 0.30. The constant A/ks is generally in the
range of 100-175 MPa/K.
To quantify the strain softening behavior, the softening slope (h) and the value of
s/Sjj needs to be determined. It has been shown^that the an amorphous polymer in the
glassy phase has a relatively constant value of s/s^ . This value can be estimated as the
ratio of the maximum peak yield stress to the minimum value of the stress obtained after
softening has occurred.
' Boyce, M.C., D.M. Parks and A.S. Argon (1988), Large Inelastic Deformation in Glassy Polymers, Part
1: Rate Dependent Constitutive Model, Mech. Mater 7, pp. 15-33.
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The softening slope can be estimated from the plot of true stress versus true strain





where: As = s-Sj^
Ay '' is the increment in plastic strain
over which As occurs
The strain hardening properties require the experimental determination of the
rubbery shear modulus as a function of temperature, GR(0) = nkB0. The rubbery
modulus can be estimated by heating the polymer to a few degrees above the glass
transition temperature, and conducting a compression or tension test at a high loading
rate. The initial slope of the true stress-true strain curve is the rubbery shear modulus at
the lest temperature. The value of the rubbery shear modulus at a desired temperature can





The final piece of information required is the number of rigid links between
entanglements (N). Using Langevin statistics, N is defined as the square of the locking
stretch. The locking stretch can be determined from a plot of true stress versus true strain
as the asymptotically approached value of true strain reached during the strain hardening
process. The locking stretch is the exponential of the limiting value of the true strain.
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6.50 Uniaxial Compression
This section will reduce the general tensorial equations given in the previous
section to the simplified case of uniaxial compression. The Cauchy stress tensor for






is the applied compressive true
stress, a^ >
The deviatoric component of the stress tensor is given as:
"2/3




It can be shown that the backstretch tensor is given as:
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The shear stress from equation (6-24) can be compared to the result from the Von
Mises equation which predicts the compressive stress, neglecting the backstretch tensor, is
Si.
In uniaxial compression, the (1,1) matrix element is of primary concern. The (1,1)















The (1,1) component of the stretch tensor can be expressed as the sum of a plastic
and elastic components:









Combining equations (6-26) and (6-27) and simplifying gives the a relationship for
the shear strain rate in terms of the back stretch, strain rate, and compressive stress.
-# (6-28)L(2/3)a,-hB,J
where: e is the compressive strain rate
Equation (6-28) can be combined with equation (6-1) to quantify the response of
an amorphous polymer subjected to a homogeneous compressive stress. These equations
will be used to predict the yield stress as a function of strain rate for a specific set of
polymer blends in Chapter 9.
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7.0 SPECIMEN FABRICATION
The production of high quality polymer test specimens is required to produce
repeatable test results. To this end, a great deal of time and effort must be directed
towards the fabrication process. The key concerns will be addressed in this chapter.
These include the resin catalyst and promoter selection and concentration, precautions
needed to produce void free specimens, the selection of appropriate test specimen
dimensions and the machining operations required to produce them.
7.10 Resin Formulation
Both the Derakane 8084 and Crestomer 1080 were obtained from the
manufacturer in an uncatalyzed and unpromoted form. The catalyst is the material which
initiates the crosslinking reaction, and the promoter is an additive which is used to speed
up and enhance both the degree and quality of the resin cure.
The amount of promoter and catalyst to use for a given formulation is, in general,
a weak function of relative humidity and a strong function of ambient temperature. As the
temperature drops, the required amount of the catalyst and promoter tends to increase. It
is often a difficult time consuming trial and error process to determine the correct resin
formulation for a particular thermoset polymer. The temperature and humidity were
measured using a digital hydrometer with the following specifications:
TABLE 7-1
Measuring Range: 10.0%-95.0% Rel. Hum.
32.0-140.0 Degrees F
Maximum Response time: 3.5 Minutes
Resolution: 0.10% Rel. Humidity
0.10%Farenheit
Accuracy: 1.5% Rel. Humidity
0.40 Farenheit
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When considering blends of two or more polymers, the determination of the
correct formulation becomes even more complex. The formulations are usually
proprietary and are therefore difficult to obtain.
Dow Chemical has produced a fabrication guide which outUnes some catalyst and
promoter concentrations. The recommended formulation for Derakane 8084 was given as
a function of gel time and ambient temperature. The selected formulation will be
discussed.
It was also stated that the ratio of catalyst to promoter should be in the range of
3:1 to 10:1. These values served as a valuable guide in the resin formulation process. An
additional comphcation was introduced by a lack of information regarding "typical"
formulations for Crestomer 1080 due to its proprietary nature.
The first catalyst used in this study was Lupersol DHD-9 MEKP (Methyl Ethyl
Ketone Peroxide) with 9% active oxygen produced by Elf Atochem of North America.
This catalyst was recommended by Dow Chemical as a good general choice for vinyl ester
resins, however the use of this catalyst resulted in a slow exotherm development and a
poor cure in some of the test specimens containing more than 25% Crestomer. These
problems were attributed to the low ambient temperatures in the fabrication facihty (58-
63°F). This problem was solved by changing the catalyst to Lupersol DELTA-X-9, which
is specifically formulated for use in ambient temperatures in range of 55-65^. The
promoter used throughout this study was Cobalt Naphthenate with 6% cobalt content by
weight produced by Mooney Chemical.
The combination of Lupersol Delta-X-9 MEKP and Cobalt Naphthenate
(CONAP) was used as the catalyst/promoter combination throughout this study. The
concentration of MEKP was 3.0% by weight, and the concentration of CONAP was
0.60% by weight. Although recommended in the Dow fabrication guide, DMA (N,N-
Dimethylaniline) was not used due to the health risks involved. DMA is a resin cure
accelerator which is often used in very small quantities (approximately 0.10 % by weight)
to speed up the curing reaction. The specific gravity is important in the fabrication process
since the constituants are measured on a volumetric basis. The specific gravity along with
the viscosity may be found in Table 7-2.
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TABLE 7-2
MATERIAL SPECinC GRAVITY VISCOSITY (@ 77°F)
DERAKAhfE 8084 1.02 350 cps
CRESTOMF,R 1080 1.04 900 cps
LUPERSOL DFT TA-X-9 MEKP 1.15 15.8 cps
MOONE CHEMICALS CONAP 0.93 N/A
7.20 Preparation of Cylindrical Test Specimens
The preparation of test specimens requires a considerable amount of planning and
forethought in order to obtain repeatable experimental results. One of the key concerns in
the fabrication process was the production of a suitable mold. The key consideration in
the selection of the mold material is its ability to resist warping and deformation during the
curing exotherm, which typically exceeds 350^ for approximately 10 minutes. In
addition, the free ions of metals such as copper and zinc have an adverse effect on the
curing process. Molds constructed of stainless steel and aluminum, as well as glass are
acceptable options.
Excellent results were obtained by pouring the resin into a test tube composed of
the "hard glass" variant (S-34) of KIMEX glassware, which was coated with several layers
of PVA (Poly-Vinyl Alcohol) mold release agent. When cheaper tubes of borosilicate
glass were used, the resin did not separate from the tube wall during the curing process.
This resulted in severe cavitation of the polymer as shrinkage occurred. This shrinkage,
which is on the order of 10%, begins as the crosslinking reaction and the corresponding
exotherm occurs, and is complete by the time the resin returns to room temperature.
A final issue in the fabrication process is the elimination of bubbles in the cured
resin. The bubbles were caused by entrained air which was trapped in the resin as it was
being blended, as well as by the foaming which occurs in the initial stages of the
crosslinking reaction. The elimination of these bubbles is a function viscosity which
strongly related to temperature as well as the aspect ratio of the container. If the aspect
ratio is too large, the rise of the bubbles will be slowed due to an interaction with the walls
of the container. As a result, the resin was mixed in a large beaker and allowed to sit for
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approximately 10 minutes. The resin was then drawn from the bottom of the beaker and
injected into the test tubes. The injection process was conducted very slowly, with the
test tubes tilted at a 45 degree angle. By allowing the resin to run down the tube in a thin
film, the remainder of the bubbles were liberated. The only blend which could not be
deairated in this manner was the 100% 1080, due to the high viscosity which was
approximately the consistency of molasses. Air removal could have been aided by the use
of a vacuum mixing apparatus, which was not available for this study.
The test tubes used had an outer diameter of 18 ram and a length of 150 mm. This
allowed for the production of approximately seven cylindrical test specimens with a length
to diameter ratio of 1.0. This ratio was chosen for the Instron testing to satisfy two
conflicting goals. The first is the need for sufficient cross-sectional area to minimize the
errors in the load cell force measurement. The second is to keep the cross sectional area
small enough to minimize the effects of friction which can result in inhomogeneous
deformation in the specimen.
The specimens were marked and cut using a band saw and left slighdy oversized in
length (approximately 15%). They were then carefully centered in a lathe, and both sides
were faced until parallel. The specimens were each individually inspected to ensure that
the faces were parallel to within approximately 0.005 inches, to prevent shearing during
the loading process. Despite all these precautions, as well as hberal lubrication and the use
of Teflon sheets in the interface between the specimen and the compression plates,
approximately 5% of the specimens exhibited some degree of shearing during the tests. It
was later discovered that this was due to a misalignment between the compression plates
in the Instron machine.
Several other precautions were taken to ensure the repeatability of the results.
Prior to testing, the sharp edges of each specimen were removed with fine grit sandpaper
to minimize the possibility of tearing the Teflon sheets during testing. In addition, the
specimens were heated to 180°F for 10 hours to ensure that all of the resin was fully
reacted prior to testing.
It was discovered during the testing process that the measured value of the peak
yield stress is a strong function of the imposed thermal history. These effects may be
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removed by raising the temperature of the material several degrees above the glass
transition temperature for several hours in a process similar to annealing. At the time the
tests were conducted, the glass transition temperatures were not known. Several attempts
were made to determine an upper-bound limiting temperature, beyond which the material
would be damaged. It became clear that a complete analysis of this type could quickly
become intractable and the 180^ value was adopted.
In addition to the compression specimens required for the Instron testing, several
specimens were required for the high strain-rate testing which was conducted using a
Hopkinson bar. The compression surfaces in the testing apparatus were only 0.75 inches
in diameter. To ensure that the specimens remained within these limits during the test, the
maximum allowable diameter of the specimens is only on the order of 8 mm.
The Hopkinson bar testing introduced several other issues which required the
specimens to have an aspect ratio of 0.5 to 0.75 (length/diameter ratio). Some of these
issues will be addressed in Chapter 10. The size made the fabrication of these specimens
particularly difficult. The resin rods were centered and machined down in a lathe to the
required diameter. The specimens which were produced measured approximately 8 mm in
diameter and, therefore needed to be approximately 4-6 mm in length. Specimens of this
length are difficult to face-off in a lathe. As a result, most of the specimens were close to
the imposed upper limiting aspect ration of 0.75.
Several other specimens were cut using a low speed diamond saw. This apparatus
produced high quality specimens of any desired length but required approximately 1 hour
per cut. The specimens containing more than 50% Crestomer 1080 could not be cut at
room temperature by this method. In order to cut these specimens, they were cooled in
liquid nitrogen for 10 minutes prior to cutting.
Chapters 9 and 10 describe the low and high strain rate testing which was
conducted using these specimens. These sections begin by presenting the relevant theory
and background, followed by the results and experimental observations. Chapter 8 will
present the theory and results of the DMA testing. The specimens used in these tests were
provided by the research staff of the NASA Langley Research Center.
85
86
8.0 FREQUENCY DEPENDENT VISCOELASTIC BEHAVIOR AND DYNAMIC
MECHANICAL ANALYSIS (DMA)
The previous discussion of viscoelastic behavior considered the important
properties of stress relaxation and creep compliance. It was discussed earlier that the
determination of the glass transition temperature (Tg) is accomplished most effectively by
means of Dynamic Mechanical Analysis (DMA). This process involves loading a
specimen of a specific size with a sinusoidal loading program. The amplitude of the load
is small enough to ensure that the specimen remains in the elastic range. The test can be
conducted either at a fixed temperature over a range of frequencies or at a fixed frequency
with a varying temperature.
In the case of linear elastic or elastomeric materials, the stress applied on the
specimen is in phase with the strain. When viscoelastic effects are present, the strain lags
the stress by a phase angle 6. The stress and strain in a visoelastic material under





The stress can be viewed as a phasor rotating counter clockwise at angular
frequency co composed of two orthogonal components. The first of these component is in
phase with the strain and the other component is 90 degrees out of phase. Dividing the
stress by the strain gives the following:
G* = ^e'^ = ^(cos(5) + isin(5)) = Gj+iGj
where: G* is the complex modulus (8-2)
G 1 is the storage modulus
Gj is the loss modulus






Viscoelasticity is associated with a coupled elastic and damping response. When a
polymer undergoes a phase transition, such as the transformation from glassy to rubbery
behavior, a change in damping occurs due to changes in molecular mobility. The damping
response of an amorphous polymer reaches a maximum at the glass transition temperature
which can be thought of as the natural frequency of the main chain rotation at the test
frequency. The damping component of the response is represented by the loss modulus
and reflects the dissipation of energy during a cycle. The energy loss per cycle (AE) can
be expressed as follows:
AE = TuGjEo^ (8-4)
The energy dissipation appears in the polymer in the form of internal heat
generation. If the loss modulus is large or the frequency is high, a significant temperature
rise can occur.
The next section will use the ideas presented in this section to predict the value of
the glass transition temperature resulting from the blending of two dissimilar materials.
8.10 Experimental Determination of the Glass Transition Temperature for Various
Blends of Derakane 8084 Vinyl Ester and Crestomer 1080 Urethane Acrvlate
The glass transition temperature for five blends of Dow Chemical Derakane 8084
rubber toughened vinyl ester and Scott Bader Crestomer 1080 Urethane Acrylate was
determined using DMA techniques. The testing was conducted at the Composites and
Polymers Branch of the NASA Langley Research Center in Hampton, Virginia on a
Polymer Labs MKII DMTA (Dynamic Mechanical Testing Apparatus). The test was
conducted using the parameters shown on Table 8-1.
TABLE 8-1
DMA test frequency: 10 Hz
Thermal Loading Rate 10°C/ minute
Testing Mode: Single Cantilever Beam
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Two runs were conducted for each of five compositions which ranged from 100%
8084 by weight to 100% 1080 by weight in 25% increments. The convention used in
defining the glass transition temperature from a DMA test varies from one investigator to
the next. In this case, the value was taken as the intercept of approximated lines drawn
through the glassy and viscous region regions. The results may be found in Figures 8-1
through 8-10 and are summarized in Table 8-2.
TABLE 8-2
% 8084 % 1080 Tg - Trial 1 (C) Tg - Trial 2 (C) Mean Tg (C) Stdev Tg C)
100 113 114 113.5 0.5
75 25 101 102 101.5 0.5
50 50 89 90 89.5 0.5
25 75 66 65 65.5 0.5
100 27 27 27.0 0.0
Using the information in Table 8-2, a predictive model for the glass transition
temperature as a function of the weight percentage of one of the constituents can be
developed. To this end, a curve of Tg versus the weight percentage of Crestomer 1080
was produced.
The form of the fitting equation is based on the premise that the value of the glass




Wj + B * Wj
Wj B Wj
T T
where: w,, Wj are the weight fractions of the individual polymers
as given in Table 8-2 (8-5)
Tgp Tg2 are the glass transition temperatures of the individual polymers
B is a constant which is close to unity
' L. Mandelkem, G.M. Martin and F. A. Quinn, J. Res. Natl Bur. Stand., 58, (1959) 137.
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Equation (8-5) was coded into a MATHCAD file which may be found in Appendix
B. The value of the parameter B was iterated until a reasonable fit was obtained. The
results of the final iteration are shown in Figure 8-11. Superimposed on the same graph is
a curve for a typical polymer in which B is 1.0. The value of B obtained in this study was
0.11. Most polymer blends obey what is essentially a series model in which a small
quantity of the softer material results in a rapid drop in stiffness of the blend. In this
material blend (B=0.11) the stiffness drops very slowly with increasing weight percentage
of the softer material (Crestomer).
The glass transition curve, which was obtained at a frequency of 10 Hz, was
extrapolated out to 100 Hz., 1,000 Hz., and 10,000 Hz using shift factorss and the WLF
equation, equations (5-20 and 5-21). These are shown in Figure 8-12.
The glass transition temperature can be used to make some general statements
about the response of the material under load. To first order, if the glass transition
temperature of a blend of two polymers is very close to one of the component
homopolymers, it is expected that the modulus of elasticity will also be similar. Since the
first three compositions are only separated by 20°C, it is expected that the mechanical
loading behavior of these compositions will not differ to any significant degree and it is
expected that the behavior will be dominated by the Derakane 8084 material. This
indicates that the rate dependency of the modulus is likely to be small. By contrast, the
blend consisting of 25% Derakane 8084 and 75% Crestomer 1080 shows a significantly
lower value of Tg. In this blend the Crestomer 1080 is exertion a considerable influence
on the blend. As a consequence, the loading behavior of this blend will likely be
significantly different than the previous three including a significant increase in rate
dependency of the modulus since the pure Crestomer 1080 will show a very strong
dependence on load rate at room temperature.
A key assumption in this analysis is that the polymer blends behave, to first order,
in a manner similar to a single homogeneous polymer with the estimated value of Tg. This
assumption requires further investigation. The assumption that an equivalent value of Tg
could be used to characterize the behavior of a polymer blend might begin to break down
when plastic deformation occurs. In particular, the initial stages of plastic deformation
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FIGURE 8-11
PLOT OF PREDICTED GLASS TRANSITION TEMPERATURE
VERSUS WEIGHT% CRESTOMER 1080:
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following yield is represented by a softening effect. This effect is due to small-scale
inhoraogeneous deformation mechanisms such as shear banding. At this scale, the
assumption that the polymer behaves in a homogeneous manner is in question, and a
composite material constitutive model should be used to describe the behavior.
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9.0 INSTRON TEST RESULTS
The purpose of this series of tests is to evaluate the behavior of the proposed
blends of Derakane 8084 and Crestomer 1080 under a variety of loading rates. The resets
of these tests were used to formulate a predictive model of the yield behavior as a function
of axial strain rate. The goal was to be able to extrapolate the yield stress out to strain
rates on the order of 1000 sec-1. The next chapter contains a comparison of the projected
and experimentally obtained values of the yield stress at these high strain rates.
The compressive stress-strain behavior of several blends of Derakane 8084 and
Crestomer 1080 were determined using an Instron hydraulic testing machine. The tests
were conducted at the Material Science and Testing Lab at MIT on an Instron Model
#8501 hydraulic testing machine. The data was obtained using and IBM compatible PC
with a Kiethley model 500 data acquisition board which had a maximum data acquisition
frequency of 500 Hz. The analysis was performed using LABTEC, a Windows based data
collection program.
The testing was conducted on each of the five blends of Derakane 8084 and
Crestomer 1080 which ranged from 100 wt.% 8084 to 100 wt.% 1080 in 25% increments.
The loading for the first four materials was applied at a constant crosshead velocity of
0.01, 0.10, 1.00, and 2.50 mm/sec, at data collection frequencies of 5 hz, 50 hz, 400 hz,
and 500 hz respectively. To minimize frictional effects during the loading process (such as
barreling), lubricated Teflon sheets were inserted between the specimen surfaces and the
compression plates. The 100 wt% 1080 specimen tests were only included for the first
three loading rates due to a lack of reliable (repeatable) specimens. The results, which may
be found in the Appendix C, are summarized in Table 9-1.
Appendix C contains a testing log which reflects all of the Instron testing which
was conducted in this study. Many of the tests produced poor results due to
manufacturing and resin formulation errors which were later resolved. The manufacturing
and testing lessons learned were discussed in Chapter 7.
The loading was conducted at a constant loading velocity, instead of a constant
strain rate. The strain rates shown below represent the initial (nominal) strain rate which
was determined as follows:
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Dom y
where: Vq is the crosshead velocity (ram / sec) (9-1)
Lq is the inital length of the specimen (mm)
The true (instantaneous) strain rate is defined as follows:
e =^
where: Vq is the crosshead velocity (mm / sec) (9-2)
Lj is the instantaneous length of the specimen (mm)
The true strain rate can be determined from the initial strain rate as follows:







L, Lo Li k (9-3)
where: k is the extension ratio
Figure 9- 1 shows the difference between the true strain rate and the nominal strain
rate for a specimen with an initial length of 15.5 mm subjected to a loading rate of 0.01
mm/sec to a true compressive strain of 150%. Note that this curve maintains the same
shape for all the applied load rates.
The deviation in strain rate shows approximately a four fold increase in strain rate
over the nominal value at 150% true compressive strain. These effects are minimal when
determining the yield stress which occurs at strains below 10% true strain. Another
observation is that the stress is generally assumed to be a function of log(£ ), and the
difference in the logarithmic values is only on the order of 1.50 at 150% true compressive
strain. Because of these factors, substitution of the nominal strain rate for the true strain
rate is a valid assumption when attempting to predict the yield stress as a function of strain
rate, and an acceptable one up to the testing limits in this study.
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FIGURE 9-1
COMPARISON BETWEEN TRUE STRAIN RATE AND NOMINAL
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100/0 6.33x10^ 3 93.409 0.040 0.065 0.002
100/0 6.41x10-^ 2 105.201 0.221 0.069 0.002
100/0 6.44x10'^ 3 118.436 0.740 0.071 0.003
100/0 1.64x10' 3 123.647 0.517 0.073 0.002
75/25 6.66x10"* 3 67.997 0.154 0.068 0.002
75/25 6.68x10"^ 3 81.961 1.719 0.065 0.002
75/25 6.68x10-^ 3 95.180 0.599 0.070 0.003
75/25 1.70xl0"* 3 100.843 0.519 0.070 0.000
50/50 6.73x10"* 3 61.213 0.664 0.061 0.002
50/50 6.60x10-^ 4 74.165 *0.096 *0.062 *0.001
50/50 6.82x10-^ 3 86.508 0.615 0.068 0.003
50/50 1.64x10' 3 92.670 0.390 0.067 0.001
25/75 6.50x10"* 3 *22.445 *0.015 *0.0585 *0.005
25/75 6.38x10-^ 3 30.087 1.279 0.067 0.001
25/75 6.42x10'^ 4 49.841 0.698 0.065 0.001
25/75 1.59x10' 4 57.367 2.419 0.066 0.002
* Each of these runs had an outlier which was removed prior to the calculation of the
mean and standard deviation. The individual values of the peak yield stress and the
corresponding yield strain may be found on the stress-strain curves in Appendix C.
Figures 9-2 through 9-6 show a comparison of the true stress versus true strain
curves for each of the compositions showing the effect of strain rate on the behavior of the
blend. Figures 9-7 through 9-10 compare the behavior of each of the materials at a given
load rate. These traces shown in these plots correspond to a "typical" run, and not an
average response. This simplification can be made due the high degree of repeatability in
the experimentally obtained stress strain curves.
The 100% Derakane and 75% Derakane / 25% Crestomer blends failed by a
fracture mechanism when tested at relatively high loading rates. In the former, this
occurred at the two highest loading rates, and in the later fracture only occurred at the
highest loading rate of 2.5 mm/sec. None of the other specimens failed by this mechanism.
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Figure 9-2
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75% 8084 / 25% 1080 at various load rates
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3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / sec
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List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true
strain at yield:
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0% 8084 / 100% 1080 at various load rates
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Plot of true stress (MPa) versus true strain for
a loading rate of 0.01 mm/sec for various compositions
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Plot of true stress (MPa) versus true strain for
a loading rate of 0.10 mm/sec for various connposrtions
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The yield stress could not be defined for the 100% Crestomer 1080 sample
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FIGURE 9-9
Plot of true stress (MPa) versus true strain for
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The yield stress could not be defined for the 100% Crestomer 1080 sannple
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FIGURE 9-10
Plot of true stress (MPa) versus true strain for
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The yield stress could not be defined for the 100% Crestomer 1080 sample
117
The fracture always occurred in the hoop direction, usually along four radial lines which
were separated by 90 degrees. At the center, the material was usually crushed.
The cause of this behavior was attributed to frictional effects. At the highest
loading rates, the upper surface of the specimen would remain fixed resulting in barreling
of the specimen. The barreling resulted in the formation of a tensile hoop stress which,
under the applied loading, favored fracture to yield. Several attempts were made to
lubricate the interface, to avoid this problem. In all cases in which this fracture occurred,
the failure initiated at the upper compression plate of the testing machine which was
affixed to the anchored section. It is possible that the failure occurred due to some small
initial misalignment of the compression plates.
Another interesting observation was made concerning thermal softening effects in
each of the glassy materials (up to 50% Crestomer by weight). Following some degree of
plastic deformation, the true stress true strain curves are seen to cross one another. As an
example, the 50% Derakane / 50% Crestomer sample at the lowest load rate crossed the
curves for load rate 2, 3, and 4 at -0.45, -0.65, and -0.75 percent true strain respectively
as shown in Figure 9-4. This occurs due to thermal softening effects caused by a
temperature rise which occurred as the plastic work is dissipated during large strain
deformation. No temperature measurements were taken during the Instron testing phase
of this study, however, studies have been conducted' on PMMA at strain rates as high as
0.10 sec"\ which showed a temperature rise of approximately 18°C above ambient
Some in-situ temperature measurements were conducted during the high strain-
rate testing phase which will be discussed in the following chapter. The next section will
discuss the use of the plastic deformation model presented in Chapter 6 in the prediction
of the compressive yield stress of each of the blends as well as the pure Derakane 8084
material.
' Amida, E.M., M.C. Boyce and R. Jayachandran (1995), "Effects of strain rate, temperature, and
thennomechanical coupling on the finite strain deformation of glassy polymers", Mech. Mater. 19,193-
212.
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9.10 Modification of the plastic deformation model
Section 6.50 presented a simplification of the visoplastic model proposed by Boyce
et al., which was reduced to represent the behavior of material under homogeneous
compression. This model will be used to predict the compressive yield stress for each of
the material blends in this study.
Recall from Chapter 6, the (1,1) component of the stretch tensor can be expressed
as the sum of a plastic and elastic components:
If the loading is not applied at a constant strain rate,




where: L(t) is the instantaneous length
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where: Lq is the original length of the specimen








Combining equations (9-4) and (9-5) and simplifying gives the a relationship for the shear





where: E is the compressive strain rate
Equation (9-6) can be used to compute the yield stress as a function of strain rate.
At the yield point, the back stretch tensor is equal to zero. This is because no significant
chain rotation can occur until after the yield point, when the intermolecular barriers to
chain segment rotation are overcome. Setting Bii=0 gives the following equation which is
consistent with the Von Mises yield equation:
c
r=2j^i -^^ =2,lIer-l = V3e
'
V3 L(2/3)aJ V3 L2J
Recall the equation for the shear stress is given as follows:
(9-6)







Rewriting equation (6-1) in terms of the compressive stress and compressive strain












Equation (9-8) will be used to predict the yield stress using the methods outlined in
Section 6.40. The results will include plots of compressive yield stress versus axial strain
rate for each of the first four compositions. The 100% Crestomer 1080 tests will not be
analyzed, as no clear yield behavior was observed during the Instron testing.
The analysis began with the prediction of the peak yield stress, which was
performed using MATHCAD. The complete files may be found in Appendix D. The
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required inputs were the mean and standard deviation of the peak compressive yield stress
found in Table 9- 1 . The average modulus of elasticity for each of the blends is listed in
Table 9-2.
TABLE 9-2
Composition Modulus of Elasticity
100% 8084 / 0% 1080 2020 MPa
75% 8084/ 25% 1080 1880 MPa
50% 8084/ 50% 1080 1680 MPa
25% 8084/ 75% 1080 1125 MPa
These values are used to calculate the atherraal shear strength which represents the
behavior at Kelvin. As a result, the modulus values used in this study were obtained
from the elastic response of each of the blends at the highest Instron loading rate of 2.5
mm/sec. An average specimen length was also provided.
The program assumes a constant value for the pressure coefficient of 0.20 for all
calculations in this study. The determination of the pressure coefficient requires a series of
tensile tests, which were not available. With an assumed pressure coefficient, the value of
Yo and X can then be determined using equations (6-17). Note that there is one unique
solution to the model for a given pressure coefficient, but the resulting fitted curve is the
same for any reasonably selected value of the pressure coefficient Since the values of y ^
and X do not effect the fmal shape of the fitted curve and therefore do not effect the
analysis, no attempt will be made to adjust the pressure coefficient to bring the other
values near the "typical" values given in Chapter 6.
The individual results for each of the material blends may be found in Appendix D.
Figure 9-11 shows a plot of the peak yield stress versus log(strain rate) for each of the
various compositions, and Figure 9-12 shows the effect of the weight percentage of
Crestomer 1080 on the peak yield stress for a series of strain rates.
Figure 9-12 indicates that there is a "jog" in the model, particularly at the lowest
strain rates. This indicates that the yield stress of the 50% Derakane / 50% Crestomer is
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discrepancy could have been predicted from the composite Instron test results shown in
Figures 9-7 through 9-10, where the peak yield behavior of the 75% Derakane / 25%
Crestoraer is clearly different from its neighbors.
This series of observations led a shift from the prediction of the peak yield stress to
that of the lower yield stress. It was observed^ in the testing of Polycarbonate, that
quenched specimens often displayed very little softening. When the same material was
annealed for several hours above its glass transition temperature prior to testing, a much
higher peak yield stress was observed with a corresponding increase in the degree of
softening. The surprising result of these tests was that the measured lower yield stress
was nearly independent of any previous thermal treatment. The lower yield point is a
strength level which is thought to be associated with a preferred structure which is reached
during plastic deformation, possibly due to a local increase in free volume associated with
small scale shear banding^
.
These observations indicated that the lower yield stress was likely a better
indicator on which to build a predictive model. As a result, the model was rerun by
substituting the lower yield stress for the upper yield stress used in the previous iteration.
The lower stress values are Listed in Table 9-3 and summarized in Table 9-4.
The results of the predictive model applied to the lower yield stress are given in
Figures 9-13 through 9-14. As in the previous case, the individual runs may be found in
Appendix D. A plot was included which compares the lower yield stress with the applied
strain rate as well as one which shows the effect of the weight percentage of Crestomer
1080 on the lower yield stress.
^ Hayward, R.N. (1980), "The effect of chain structure on the annealing and deformation behavior of
polymers," Coll. Poly. Sci. 258, 42.
'Boyce, M.C., Parks, D.M. and A.S. Argon (1988), " Large inelastic deformation of glassy polymers. Part
1: Rale dependent constitutive model," Mechanics ofMaterials 7, 22.
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Table 9-3
100% Derakane / 0% Crestomer



























75% Derakane / 25% Crestomer
Average
STDEV

































50% Derakane / 50% Crestomer
Average
STDEV




































25% Derakane / 75% Crestomer
Average
STDEV
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100/0 6.33x10"* 3 72.003 0.507 0.277 0.002
100/0 6.41x10-^ 2 75.335 0.064 0.354 0.009
100/0 6.44x10' 3 81.073 0.111 0.344 0.009
100/0 1.64x10' 3 84.446 0.744 0.336 0.010
75/25 6.66x10"* 3 59.086 0.149 0.259 0.004
75/25 6.68x10' 3 62.839 0.541 0.333 0.008
75/25 6.68x10-' 3 68.340 0.599 0.387 0.006
75/25 1.70x10"' 3 71.179 0.419 0.395 0.010
50/50 6.73x10"* 3 47.399 0.535 0.245 0.005
50/50 6.60x10' 4 50.304 0.450 0.352 0.015
50/50 6.82x10' 3 54.775 0.336 0.445 0.011
50/50 1.64x10' 3 57.224 0.730 0.415 0.016
25/75 6.50x10"* 3 20.540 0.603 0.154 0.006
25/75 6.38x10' 3 26.312 1.049 0.212 0.002
25/75 6.42x10' 4 36.986 0.446 0.388 0.021
25/75 1.59x10' 4 40.680 1.028 0.496 0.010
Figure 9-14 indicates that the behavior of the blends up to a Crestomer
concentration of 50% are a linear function of the weight percentage of Derakane 8084.
The curves for these blends are nearly parallel, which further supports the assumption that
they are dominated by the behavior of the Derakane. This behavior was supported by the
DMA results presented in Chapter 8, which showed the glass transition temperature of
these compositions to be nearly the same. By contrast, the 75% Crestomer 1080
composition shows a significant degree of rate dependency, indicating that the Crestomer
was exerting a significant influence on the blend. Recall that Crestomer 1080 has a glass
transition temperature of 27°C, and is therefore viscoelastic (and highly rate dependent at
room temperature). This behavior also could have been foreseen from the measured glass
transition temperature of 67°C, which is nearly midway between that of the two
constituent materials.
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10.0 THE COMPRESSION SPLIT HOPKINSON (KOLSKI) BAR
This section wUl describe the results of a series of high strain rate compression
tests of several blends of Derakane 8084 and Crestomer 1080. This chapter will begin
with the theoretical development of the relevant equations needed to obtain the true stress
and true strain results from a Hopkinson bar experiment. Subsequent sections will include
the experimental procedure as well as a MATHCAD data reduction program with the
corresponding results. The results of these experiments will be compared to the projected
values obtained from the Instron tests described in Chapter 9.
10.10 Theoretical Development
The Compression Split-Hopkinson Bar is shown schematically in Figure 10-1. The
technique involves impacting the incident bar with a striker bar at a known velocity (Vo) at
point A. The impact produces a longitudinal compressive stress wave in the incident bar
with a strain ampHtude of ei(t). The pulse width of this wave can be estimated as twice the
time required for an elastic wave to travel the length of the striker bar. This assumes that
the striker bar is made of the same material and has the same diameter as the incident bar.
The compressive wave travels the length of the incident bar until it reaches the
specimen/bar interface at point B. At this point, part of the wave is reflected back down
the incident bar as a tensile wave with a strain amplitude of er(t), and part is transmitted
through the specimen to the transmitter bar with a strain amplitude of et(t). The strain is
measured using one strain gage located on the incident bar and one located on the
transmitter bar at locations Si and S2 as shown on Figure 10-1.
The separation of the wave into a transmitted and reflected component is due to
differences in acoustic impedance at the bar/specimen interface. The acoustic impedance
(Zc) is defined as follows:
Ze = PACl
where: p is the density (mass / volume)
A is the cross sectional area (10-1)
Cl is the velocity of propagation of a
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The quasi-longitudinal (stress) wave speed can be determined using the following
equation:
Cl = -'-
where: E is the ra odulus of elasticity of
the incident and transmitted bars
(10-2)
When an incident stress wave traveling in material A of cross sectional area, Aa,
meets a boundary separating it from another material B of cross sectional area As, the








L^bP B^LB + AaP aCuv.
(10-3)
The transmitted and reflected strain amplitudes are given by the same relationship,
since the stress and strain values are related by the elastic modulus. From equation (10-3),
it can be seen that when the acoustic impedance of material B is greater than that of
material A, a pulse of the same sign as the incident pulse is reflected at the interface.
When the acoustic impedance of material B is less than that of material A, a reflected
pulse which is opposite in sign is created. When polymers are tested using a Hopkinson
bar, the acoustic impedance of the sample is much less than that of the steel used in the
incident and transmitter bars, so the incident wave which was initially compressive is
reflected from interface B as a tensile wave.
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The stress and strain in the specimen can be determined completely from the
transmitted and reflected strain traces. The derivation of the stress/strain relationships
begins with the definition of the axial strain, £, and the particle velocity, v, as follows:
e = — V = — (10-4)
dx 3t
Taking the partial derivative of the strain with respect to time (t), and the velocity
with respect to x gives:
iiiil = .il™ (10-5)
The average strain rate in the deforming specimen can then be expressed as:
e(t)= ^^ = ^B(t)-vc(0
dt L
where: VB(t) is the particle velocity at point B (10-6)
Vc (t) is the particle velocity at point C
L is the length of the test specimen
The strain at the interfaces B and C can be written as:




The particle velocity is related to the strain by the relation, v=Cl£, so the panicle




Combining equations (10-6) and (10-8) gives:
e(t) = -i-[ei(t)-e,(t)-e,(t)] (10-9)
L
The average stress in the specimen can be expressed using Hook's Law as:
2A
where: Fgd) = E (e,(t) + e,(t)) Ag
Fc(t) = E(e,(t))Ao (10-10)
A is the cross sectional area of the specimen
\ is the cross sectional area of the incident and transmitter baj
If the specimen undergoes homogeneous deformation, the stress at point B is equal
to the stress at point C. The assumption of homogeneous deformation in the specimen
results in force equilibrium across the specimen so FB(t)=Fc(t) and £i(t) + tr(t) = £t(t).
The stress, strain rate, and strain in the specimen can be expressed as foUows:
(a)a(t) = E4^£.(t)
A
(b)£(t) = ^£r(t) (10-11)
(c)£(t) = j£(T)dT
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The stress-strain equations listed in equations (10-11) represent engineering stress
and engineering strain. In the study of polymer materials, the stresses and strains are more
appropriately given in terms of true stress and true (logarithmic) strain.
The true strain in the specimen is defined as:
Etruc = In = ln[X.]
where: Lj is the instantaneous length
Lq is the initial length
X : is the extension ratio
(10-12)
The engineering strain can be expressed in terms of the extension ratio as:
eng
L.-L,
= ^ - 1 = >.; - 1
so;
X. = e_ -H 1
(10-13)
Combining equations (10-12) and (10-13) gives the relationship between true
stress and engineering stress as follows:
Etuc = ln(e^+l) (10-14)
Since most of the deformation occurs in the plastic region, the material is













From equations (10-15), the true stress is related to the engineering stress as
follows:
C^tn^e =>tJcT^] (10-16)
There are three key assumptions made in the derivation of the stress-strain
relationships for the Hopkinson Bar. These are worthy of discussion and will be described
briefly.
(1) The incident, transmitter and striker bars remain elastic.
This is accomplished by ensuring that the material used for the transmitter and
incident bars has a much higher yield strength than the material to be tested. The most
common material used in the construction of these bars is raaraging steel, which has a
yield strength of approximately 350 ksi (2500 Mpa). This is much higher than the yield
strength of most metals and all polymers.
(2) The wave propagation is one dimensional.
In the derivation of the Hopkinson bar equations, it was assumed that the impactor
creates a rectangular stress pulse which travels down the incident bar at the longitudinal
wave speed of the incident bar material (cl). In reality, the measured stress pulses show
significant fluctuations due to wave dispersion effects, which have a significant effect on
the interpretation of the stress/strain results obtained using this method.
When the striker bar impacts the incident bar, a very complex stress field is
established due to end effects. Within a distance of about 10 bar diameters, the end effects
essentially disappear, and the resulting pressure can be evaluated using the frequency or
dispersion equation. This problem was studied extensively by Pochhammer' and Chree^
who showed that the pressure pulse was actually composed of an infinite number of modes
* Pochhammer.L., "On the Propagation Velocities of Small Oscillations in an Unlimited Isotropic Circular
Cylinder," Journalfur die Reine und Angewandte Mathematik, Vol. 81, 1876, pp. 324-326.
^Chree, C, "The Equations of an Isotropic Elastic Solid in Polar and Cylindrical Coordinates, Their
Solutions and Applications," Cambridge Philosophical Society, Transactions, Vol. 14, 1889, pp. 250-369.
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which correspond to solutions of the dispersion equation. The fundamental mode is
associated with the longest wavelengths which carry most of the wave energy and travel at
the highest speed which is equal to the bar longitudinal wave speed (cl). Higher order
modes are associated with higher frequency multiples of the fundamental frequency
(shorter wavelengths) which travel at slower speeds as compared to the lower modes.
These higher modes give rise to dispersion of the initially sharp pulse, causing oscillations
known as Pochhammer-Chree oscillations. For sufficiently long incident bars with 1/d
ratios of 20 or greater, the fundamental frequency dominates and the deformation process
is essentially one dimensional.
The above discussion related to the effects of dispersion in the incident pulse.
Some dispersion effects also occur in the reflected and transmitted pulse. The strain in the
specimen is assumed to be measured at the interfaces between the specimen and the bars.
The actual strain measurements are made some distance from these interfaces, resulting in
additional dispersion of the pulse as it travels from the specimen to the strain gage
location.
The effects of dispersion on the interpretation of split Hopkinson Bar data can be
minimized by applying a dispersion correction. Follansbee and Franz^ have demonstrated
that correcting for dispersion in the fundamental mode can remove most of the
fluctuations in the stress/strain curve. The process begins by performing a fourier
decomposition of the fundamental mode of the strain pulses measured at the strain gage
locations. After decomposition, the phase angle of each of the fourier components is
adjusted to account for the dispersion which occurs as the component travels from the
specimen/bar interface to the strain gage location. Once a sufficient number of
components are adjusted, the wave can be reconstructed at the specimen bar interface.
'Follansbee, P.S. and Franz, C, "Wave Propagation in the Split Hopkinson Bar," Journal ofEngineering
Materials and Technology, Vol. 105, 1983, pp. 61-66.
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(3) The specimen undergoes homogeneous deformation.
When the stress pulse enters the sample, it undergoes deformation both axially and
radially. The resultant stress field is inhomogeneous in this region, but the stress
equilibrates and the deformation becomes essentially homogeneous after three transit times
in the sample. The equilibration time (x) which is actually equal to n transit times, can be
calculated using the following expression:
,2^T 2
E. (10-18)
where: E^ is the modulus of elasticity of the sample
In the acoustic analysis of polymers, the modulus of elasticity is represented by a
complex number, due to the presence of viscous damping. It was demonstrated in
Chapter 8 that when viscoelastic materials are loaded at high frequencies, they tend to
behave in a glassy manner. As a result, the equilibrium time in the specimens wiU be
determined using the glassy modulus of the material.
Equation (10-12) indicates that the results obtained in the initial part of the elastic
deformation phase may be in error when using the split-Hopkinson bar technique. The
effects of initial inhomogeneity in this study were minimized by using specimens with a
length/diameter ratio between 0.5 and 0.75. The effects of initial inhomogeneity were
minimized by reducing the slope of the rise time in the incident pulse in a process known
as pulse shaping. This was achieved by placing an interface material such as a few sheets
of paper or a soft metal such as copper between the striker bar and the incident bar at
interface A. The interfaces between the bar and the specimen were lubricated with




The high strain-rate testing was conducted at the California Institute of
Technology in Pasadena, California on a split compression Hopkinson bar which was built
by the staff. The incident, transmitter, and striker bars were composed of high strength
maraging steel with an outer diameter of 0.75 in. The striker bar was propelled using air
pressure which was provided by a low pressure air compressor and could be regulated
between 0-80 psi by a pressure control valve. The strain gage data was acquired using a
Nicolet 400 digital oscilloscope. The environmental conditions at the time of the test are






The temperature and humidity were measured using a VWR Scientific digital
humidity and temperature meter. The specifications of the meter are listed in Table 7-1.
The desired strain rate and the desired strain can be estimated from the following
equations:
L
e = 2E-i^ = £(PD)
Co
where: Vq is the inital velocity of the striker bar
L is the inital length of the specimen
Iq is the length of the stiker bar
Cq is the longitudinal compressive wave speed
in the striker bar
PD is the duration of the compressive stress pulse
(10-19)
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The goal of the high strain rate test in this study was to obtain the greatest possible
true strain while maintaining a strain rate on the order of 1000 sec''. To achieve this goal,
the longest available striker bar (12 inch) was selected. The 12 inch bar was used to
provide the longest possible compressive pulse duration, resulting in the largest total
plastic strain in the specimen. The striker bar was propelled using the highest possible
pressure of 80 psi. Since the initial velocity is direcUy related to the propelling pressure,
higher pressure will result in higher strain rates in the specimen.
Some trial and error testing was required prior to this selection. Since the velocity
of the shorter striker bars will be greater than that of the longer ones for a given pressure,
the strain rate could have increased enough to compensate for the shorter pulse duration
resulting in a higher overall strain. The strain rate obtained using the shortest bar (4
inches) was approximately 4500 sec"\ and the resulting engineering strain was
approximately 20%. Tests conducted with the longest bar (12 inch) resulted in a strain
rate of approximately 3000 sec"' and the total strain was approximately 30-40%. As a
result, the 12 inch striker bar and a propelUng pressure of 80 psi was selected.
Three to four runs were obtained using each of the five material compositions.
The data acquisition system generated separate files for each of the transmitted and
reflected strain histories. Each of these files contained 6000 data points, each taken at an
equal time interval of 0. 1 microseconds.
10.21 Description of data reduction program
The first page of the reduction file translates the voltage signals to values of
reflected and transmitted strain using the following equation:
(GF)(Vo)
where: £
^^j^ is the strain gage voltage measured
by the occiliscope (10-20)
GF = 2. 1 is the gage factor
Vg = 30 Volts is the reference voltage
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The next step in the analysis was to convert the reflected strain history into a strain
rate using equation (10-1 1(b)). This requires the user to input values for the initial
specimen length and diameter. The longitudinal wave speed in the steel bars is also
required. A value of 5000 m/sec will used throughout this study.
The portion of the trace which is needed in the analysis is the inverted section of
the transmitted pulse. This pulse was isolated and integrated over time using a midpoint-
rectangle rule using approximately 200-250 equal time increments. The integral of the
strain rate with respect to time over the duration of the inverted pulse gives the total
compressive engineering strain as shown in equation 10-1 1(c). This numerical integration
procedure was used to obtain values for the engineering strain over the entire range of
time defined by the pulse duration.
The engineering stress was obtained from the transmitted strain history using
equation 10-1 1(a). A value of 210 Gpa was assumed for the modulus of elasticity of the
steel bars. With the engineering stress and strain known over the range of time defined by
the reflected pulse, a plot of engineering stress versus engineering strain was drawn. The
true stress and true strain were computed using equations (10-14) and (10-16) and
plotted. Beneath each of these plots is the maximum value of stress which occurs at the
yield point. This value is obtained by locating the minimum value of the stress (most
negative value) since the compressive stresses are reflected as negative numbers.
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10.30 Results
The reduction files are organized by material composition. The compositions
range from 100% Derakane 8084 to 100% Crestomer 1080 at 25% intervals in
composition. The complete reduction files are included in Appendix E, and the results are










100 lof4 -3000 -0.488 -189.806
100 2 of 4 -2500 -0.382 -200.044
100 3 of 4 -3200 -0.506 -208.491
100 4 of 4 -3200 -0.506 -203.560
75 25 lof3 -3000 -0.470 -179.287
75 25 2of3 -3600 -0.588 -187.317
75 25 3 of 3 -3000 -0.440 -182.353
50 50 lof3 -2500 -0.372 -171.791
50 50 2of3 -2500 -0.385 -174.609
50 50 3 of 3 -2100 -0.312 -176.762
25 75 lof4 -2800 -0.425 -145.159
25 75 2 of 4 -2600 -0.383 -140.000 (est)
25 75 3 of 4 -2900 -0.454 -137.791
25 75 4of4 -3000 -0.457 -147.004
100 lof3 -2000 -0.339 -88.720
100 2 of 3 -2200 -0.352 -85.937
100 3 of 3 -2200 -0.359 -87.000 (est)
The yield stress for two of the runs were visually approximated from the curves
because of voltage spikes in the signal which occurred near the yield point.
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The data in Table 10-2 will be reduced by assuming that all rans for a given
material occur at the same strain rate. The strain rate will be taken as the mean value for
all runs on given material. This is a valid assumption since the stress is related to the
logarithm of the strain rate which varies very little over the range of concern. With this
assumption a mean value of the maximum true stress (yield stress) and a corresponding









100 -2.97x10*^ -200.48 -6.85
75 25 -3.20x10*' -182.99 -3.31
50 50 -2.37x10"' -174.39 -2.04
25 75 -2.83x10*' -142.49 -3.73
100 -2.13x10*' -87.22 -1.15
The Hopkinson bar results in Table 10-3 can be compared to the peak yield stress
in Table 9-1 which were obtained using an Instron testing machine. Figures 10-2 through
10-6 superimposed a representative Hopkinson bar true stress/true strain on the Instron
machine testing results for each of five material blends. These curves show the dramatic
increase in the yield stress as a function of strain rate.
Of particular interest is the behavior of the pure Crestomer 1080. In aU of the
Instron tests, which were conducted to true strains of 150%, the material never displayed
a clearly defmed yield stress. This was not surprising since the glass transition
temperature of the material was determined to be 27**C at a DMA testing frequency of 10
Hertz. To first order, this is approximately one decade higher than that of the highest
loading rate Instron test. This places the glass transition temperature at approximately
23 C which was within a few degrees of the ambient temperature during the test. This
indicates that the material was in the viscoelastic regime. Since only glassy polymers
display Une yield behavior, yield could not occur in these tests.
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FIGURE 10-2
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/ ^/ - /
-^
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
TRUE STRAIN
0.5 0.55 0.6 0.65 0.7 0.75 0.8
A = Load Rate = 0.01 mm/sec*
— B= Load Rate = 0.10 mm/sec*
C = Load Rate = 1.00 mm/sec*
— D = Load Rate = 2.50 mm/sec*
E = Hopkinson Bar Test; Strain Rate = 2.50e+03 /sec
* The Instron tests were conducted at a constant loading rate. As a consequence, the strain
rate is not constant throughout the test. As a basis of connparison with the Hopkinson Bar test,
the inital strain rate can be estimated as the loading rate/initial specimen length. Assuming an
average specimen length of 15.5 mm, the following inital strain rates apply to specimens A - D:
1. A load rate of 0.01 mm/sec corresponds to an initial strain rate of 6.45e-04 / sec
2. A load rate of 0.10 mm/sec corresponds to an initial strain rate of 6.45e-03 / sec
3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / $ec
4. A load rate of 2.50 mm/sec corresponds to an initial strain rate of 1 .61 e-01 / sec
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true
strain at yield:
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0.1 0.2 0.3 0.6 0.7 0.8 0.90.4 0.5
TRUE STRAIN
A = Load Rate = 0.01 mm/sec*
— B = Load Rate = 0. 10 mm/sec*
C = Load Rate = 1.00 mm/sec*
D = Load Rate = 2.50 mm/sec*
E = Hopldnson Bar Test; Strain Rate = 3.00e+03 /sec
' The Instron tests were conducted at a constant loading rate. As a consequence, the strain
rate is not constant throughout the test. As a basis of comparison with the Hopkinson Bar test,
the inital strain rate can be estimated as the loading rate / inital specimen length. Assuming an
average specimen length of 15.5 mm, the following inital strain rates apply to specimens A - D:
1
.
A load rate of 0.01 mm/sec corresponds to an initial strain rate of 6.45e-04 / sec
2. A load rate of 0.10 mm/sec corresponds to an initial strain rate of 6.45e-03 / sec
3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / sec
4. A load rate of 2.50 mm/sec corresponds to an initial strain rate of 1 .61e-01 / sec
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0.1 0.2 0.3 0.4 0.5 0.6 0.7
TRUE STRAIN
0.8 0.9 1.1 1.2
A =Load Rate = 0.01 mm/sec*
B=Load Rate = 0.10 mm/sec*
C =Load Rate = 1 .00 mm/sec*
— D =Load Rate = 2.50 mm/sec*
E = Hopkinson Bar Test; Strain Rate = 2.500e+03 /sec
* The Instron tests were conducted at a constant loading rate. As a consequence, the strain
rate Is not constant throughout the test. As a basis of comparison with the Hopkinson Bar test,
the inltal strain rate can be estimated as the loading rate / inital specimen length. Assuming an
average specimen length of 15.5 mm, the following inital strain rates apply to specimens A • D:
1. A load rate of 0.01 mm/sec corresponds to an initial strain rate of 6.45e-04 / sec
2. A load rate of 0.10 mm/sec corresponds to an initial strain rate of 6.45e-03 / sec
3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / sec
4. A load rate of 2.50 mm/sec corresponds to an initial strain rate of 1 .61e-01 / sec







































































0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
TRUE STRAIN
0.9 1.1 1.2 1.3 1.4
A = Load Rate = 0.01 mm/sec*
— B = Load Rate = 0.10 mm/sec*
— C = Load Rate = 1 .00 mm/sec*
— D = Load Rate = 2.50 mm/sec*
E = Hopldnson Bar Test; Strain Rate = 3.00e+03 /sec
* The Instron tests were conducted at a constant loading rate. As a consequence, the strain
rate is not constant throughout the test. As a basis of comparison with the Hopkinson Bar test,
the inital strain rate can be estimated as the loading rate / inital specimen length. Assuming an
average specimen length of 15.5 mm, the following inital strain rates apply to specimens A - D:
1. A load rate of 0.01 mm/sec corresponds to an initial strain rate of 6.45e-04 / sec
2. A load rate of 0.10 mm/sec corresponds to an initial strain rate of 6.45e-03 / sec
3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / sec
4. A load rate of 2.50 mm/sec corresponds to an initial strain rate of 1 .61e-01 / sec
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
TRUE STRAIN
A =Load Rate = 0.01 mm/sec*
B =Load Rate = 0. 10 mm/sec*
C =Load Rate =1.00 mm/sec*
D = Hopkinson Bar Test; Strain Rate = 2.00e+O3 /sec
1.1 1.2 1.3 1.4 1.5 1.6
* The Instron tests were conducted at a constant loading rate. As a consequence, the strain
rate is not constant throughout the test. As a basis of comparison with the Hopkinson Bar test,
the inital strain rate can be estimated as the loading rate / inital specimen length. Assuming an
average specimen length of 15.5 mm, the following inital strain rates apply to specimens A - C:
1. A load rate of 0.01 mm/sec corresponds to an initial strain rate of 6.45e-04 / sec
2. A load rate of 0.10 mnrVsec corresponds to an initial strain rate of 6.45e-03 / sec
3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / sec
List maximum true strain obtained and con-esponding stress (MPa), yield stress (MPa) and true
strain at yield:






"^(«^trueh)= 87-72 -MPa 0^=87.72 -MPa yh = 0.089
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Since the frequency in Hertz is the inverse of the period, an average compressive
stress wave in a Hopkinson bar with an pulse duration of 100 microseconds can be
equated to a frequency of approximately 5000 Hz. Using the time-temperature
superposition principle the glass transition temperature has effectively increased by 10°C
over the DMA resuU to approximately 37°C. This can be achieved either by shifting the
stress relaxation curve (DMA Figure 8-9) to the right or assuming that the ambient
temperature has decreased by the same amount. After performing this operation, it can be
seen that the material has not shifted completely into the glassy regime, however equation
(5-16) indicates that the material wiU behave essentially in a glassy manner. This was
borne out in the Hopkinson bar test.
Figures 10-7 through 10-10 show the plots of the predictive model of peak
compressive yield stress as a function of LOG(strain rate) which were previously
presented in Figures 9-11 and 9-12. To aid in the clarity of the presentation, each material

















100% 8084 / 0% 1080 -200.48 -179.10 21.38
75% 8084/ 25% 1080 -182.99 -163.90 19.09
50% 8084 / 50% 1080 -174.39 -150.13 24.26
25% 8084/ 75% 1080 -142.49 -132.14 10.35
Table 10-4 indicates that the predictive equation underestimated the peak yield
stress in all cases. The first three values showed no obvious trend as a function of
composition, but instead maintained a steady value of approximately 20 Mpa.
The 25% 8084 / 75% 1080 blend showed much closer agreement with the
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somewhat different than the others. All of the curves showed a shght upturn due to the
6/5 coefficient in the fitting equation. The curvature of the 25% 8084 / 75% 1080 blend
was much more pronounced. It was this extra curvature in the predictive model which
brought the experimental and predicted values into such close agreement. The curvature
is a strong function of the athermal shear strength. This value is calculated using the
elastic modulus of the material which corresponds to absolute zero (or a very high strain
rate). The assumption in the model is that the modulus is not a strong function of strain
rate. Clearly this blend shows a significant degree of rate dependent behavior, and
therefore cannot be adequately modeled using this procedure.
10.40 Temperature Rise During Plastic Deformation
As part of the high strain rate testing, an in-situ measurement of the temperature
rise was conducted for several of the specimens. The temperature rise was measured by
illuminating the test specimen with a Helium-Neon laser produced by Spectra-Physics. As
the temperature rises in the specimen, the emission of photons increases. This increase is
measured by a collector dish which results in a change in resistance (and a subsequent
voltage drop). The voltage time history was recorded by a Nicolet 4(X) digital
oscilloscope.
In order to translate these voltage signals to a corresponding temperature rise, a
calibration process was required. Due to time constraints, only the 100% Derakane
specimens were calibrated. The process involved imbedding a thermocouple into one of
the specimens, and heating it up to the highest temperature expected during the test. To
this end, the specimen was placed in boiling water for several minutes. When temperature
equilibrium was achieved (not very critical), the specimen was placed in the same location
as it was during the testing procedure and illuminated with the laser. The temperature was
then measured as a function of the voltage drop detected by the oscilloscope. The
specimen was then removed from the apparatus, reheated and the process was repeated to
obtain enough data points for a good fit.
In order to measure the voltage drop, a simulated AC signal was required. This
was accompUshed by "chopping" the signal. In this process, the laser was alternately
blocked, by projecting it though a hole in a rotating disk. This produced a strobe effect.
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adequately simulating an AC signal. The disk was painted black to ensure a uniform
emmisivity and a stable zero reference for the voltage signal.
The calibration data was curve fitted using a quadratic function on a statistical
program called SPSS. The resulting calibration equation was:
Temp = 83.0073(Voltage)^ + 36.7420(Voltage) + 22.1931
where: Temp is the temperature in Celsius
Voltage is the measured voltage at the oscilloscope
Using this calibration curve, a typical temperature trace as a function of test time
can be generated. The temperature traces showed a very high degree of repeatability, and
a typical curve is shown in Figure 10-11. The average true strain at the end of the test
was approximately -0.40 to -0.50, at an average compressive yield stress of -200.48 Mpa.
The temperature rise was approximately 6-7 °C above ambient temperature. This
value can be used to estimate the maximum possible temperature rise in the specimens
(assuming adiabatic conditions) when tested at slower strain rates, since the temperature
rise is directly proportional to the plastic work which is the area under the true stress- true
strain curve. As a result, even if adiabatic conditions are assumed, it is expected that the
temperature rise in the slower strain rate specimens would be significantiy less than in the
high strain rate testing case since the peak yield stress and the area under the stress strain
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11.0 DISCUSSION AND CONCLUSIONS
The goal of this study was to investigate the compressive behavior of a series of
blends of Dow Chemical Derakane 8084 rubber toughened vinyl-ester and a urethane
acrylate called Crestomer 1080 produced by Scott Bader and to draw some conclusions
about the effects of strain rate on the expected performance of a typical GRP stiffener
panel bondline composed of blends of these materials.
A series of compression tests were conducted at strain rates ranging from 6.5x10'^
sec'' to 1.3x10' sec"'. Using these test results, a predictive trend for the lower yield stress
as a function of strain rate was established using a procedure which was developed for the
large strain viscoplastic analysis of glassy homopolyers. The lower yield stress is a more
consistent predictor of performance than the upper one, since the former is nearly
insensitive to any previous thermal treatment while the latter requires an annealing
procedure to produce consistent results. Annealing in these polymers is achieved by
raising the temperature 10-20°C above the glass transition temperature for several hours.
The modeling procedure worked well for the blends containing less than 50%
Crestomer by weight. The stress value obtained from the model is a strong function of the
elastic modulus via the athermal shear strength. It works best when the elastic modulus
does not vary to any large degree as a function of strain rate. In the 75% Crestomer blend
and the 100% Crestomer material, a significant increase in the elastic modulus with strain
rate was seen. Further review of this model is required to account for the strongly rate-
dependent elastic response of these materials.
An attempt was made to extrapolate the Instron test results obtained for the lower
yield stress as a function of strain rate out to strain rates as high as 3500 sec"' and compare
this prediction to actual test results obtained using a Hopkinson bar. The prediction
underestimated the experimental results by approximately 20 Mpa for all the blends up to
50% Crestomer by weight.
The cause of this discrepancy may be attributed to viscous or inertial effects. Both
of these would result in an increase in yield stress with increasing strain rate. The exact
mechanism of such an inertial effect in these materials is unknown. It was noted by
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Meyers^ that a dividing line typically exists at a strain rate of ^proximately 5.0 sec'\
Below this value, inertial forces can be neglected and equilibrium can always be obtained.
At strain rates higher than 5.0 sec"\ inertial forces have an increasing effect due to wave
propagation effects. Further research is required to determine inertial mechanisms of this
type in polymer materials.
11.10 Modeling of Themoplastic Versus Thermoset Materials
The model presented for the prediction of the yield stress as a function of strain
rate was developed and tested using a variety of amorphous glassy polymers such as
PMMA (polymethylmethacrylate). This material is a thermoplastic which has strong
intramolecular and weak intermolecular bonds between chains. The intermolecular
interactions in thermoplastics occur primarily as a result of chain entanglements. It has
been observed that the thermally evolving chain density in PMMA exceeds the molecular
density by roughly an order of magnitude, indicating that the chain entanglement density in
PMMA is very high^ . An amorphous material such as PMMA can then be viewed as an
entangled network of long macromolecular chains. The effect of these entanglements will
likely become increasingly more important as the strain rate is increased, due to friction
between chains assuming that the temperature rise is not high enough to cause significant
thermally induced chain disassociation.
This concept forms a link between thermoplastics and the thermoset materials
studied here. The behavior observed for all of the glassy blends in this study was similar
to what was observed in the study of true amorphous materials. In particular, the material
exhibited a peak yield stress, followed by combined thermal and strain softening, and
finally entropic strain hardening. It is not immediately obvious that a highly crosslinked
network structure can produce an entropic hardening response, which is typically
associated with the straightening out of a chain or series of chains from their fully coiled
configuration.
' Marc A. Meyers, Dynamic Behavior ofMaterials (New York: John Wiley and Sons, 1994), pp. 298-299.
^E.M. Arruda, M.C. Boyce, and R. Jayachandran "Effects of strain rate, temperature and
theraiomechanical coupling on the finite strain deformation of glassy polymers," Mech. Mater. 19, (1995)
p. 196.
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In a thermoset, the network structure is formed during the curing process. This
crosslinked network can be viewed as a highly entangled network of chains. Since the
entanglement density is high, the observed locking stretch for these materials is often
smaller than in the case of true amorphous materials.
To address this issue, an experiment was conducted in which a sample of Derakane
8084, 15.5 mm long (length/diameter ratio of 1.0), was compressed at 0.01 mm/sec
(nearly isothermal) until failure. The material underwent plastic flow until a true strain of
approximately 0.80 was reached. By a true strain of approximately 0.90, the specimen
abruptly shattered. This corresponded to a locking stretch of approximately 2.0-2.5 at the
test temperature of approximately 298 K, which corresponds closely to the reported value
of 2. 1 for PMMA^ . This lends further evidence that the large stretch deformation
behavior of a thermoset could be modeled as a highly entangled amorphous material.
11.20 Modeling of Polymer Blends
Another important issue addressed in this study is the effect of the concentration of
constituent materials on the large strain plastic behavior of the blend. Most of the
experimental work to date on polymers under large strain has been concerned with a single
homopolymer. The material studied here is a blend of two distinct polymer constituents.
Not much is known about the structure of these materials, especially Crestomer. The
testing conducted in this study gives a fair amount of information about their macroscopic
behavior.
Crestomer 1080 is viscoelastic at room temperature with a glass transition
temperature of approximately 27°C at 10 Hz. It will therefore have a highly rate-
dependent elastic modulus. In addition, it is capable of large deformation without
undergoing yielding which indicates a low crosslink density and a large locking stretch.
The material behaves in many ways like a rate-dependent elastomer. No detectable
change in the specimen dimensions was observed as a result of any of the Instron testing
up to the maximum limit of 150% true compressive strain. This assumes that the loading
'E.M. Arruda, M.C. Boyce, and R. Jayachandran "Effects of strain rate, temperature and
thennomechanical coupling on the finite strain deformation of glassy polymers," Mech. Mater. 19, (1995)
p. 205.
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high strain rate testing, no change in specimen dimensions was detected down to the
resolution of the digital micrometer (0.001 inch). It appears that while the specimens
clearly underwent plastic deformation based on the measured stress history, the effects
were removed within a very short period of time. This may have been due in part to a
temperature rise of approximately 4-6°C, which was measured during the high strain rate
testing. It should be noted that this material was not calibrated. If the emmisivity of all of
the materials is the approximately the same, then the calibration curve for the Derakane
8084 specimen can be used to interpret the temperature trace.
Derakane, in contrast to Crestomer, is a highly crosslinked vinyl-ester thermoset
with a glass transition temperature of 1 15°C. Since the glass transition temperature is well
above room temperature, the material behaves in a glassy manner. As a consequence, the
elastic modulus is not highly rate dependent and the material undergoes shear yielding
when loaded in compression beyond a true strain of approximately 7%. Along with
yielding comes thermal and strain softening effects which become more pronounced as the
strain rate is increased.
11.30 Material Blend Morphology
It is not clear what morphology occurs when these materials are blended. Since
both constituents are formed from an unpromoted resin in a liquid phase, blending can be
very complete. When the blended hquid resin containing a known weight percentage of
each of the constituents is promoted and catalyzed, the network of each of the materials
will be intimately interwoven.
One issue which is unresolved relates to how the materials combine. The
crosslinking reaction may occur by the formation of hybrid regions of material or it may be
possible that the each of the constituents reacts only with other material of the same type.
If hybrid chains do not form and the precatalyzed resin is thoroughly mixed, the structure
may be viewed as a parallel combination of the two materials. Derakane can be modeled
to first order as a large spring in series with a small viscous damper, while Crestomer is
better modeled as a large viscous damper in series with a small spring. The springs will
likely be nonlinear, especially if large stretch behavior is modeled.
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This model would lead to small a decrease in stiffness as Crestomer is added to the
higher modulus Derakane resin, assuming that the loading rate is low. This behavior was
observed both in the plot of glass transition temperature in Chapter 8, where the measured
value of Tg varied by only about 24°C from 100% Derakane up to a concentration of 50%
8084 / 50% 1080, and in the Instron testing.
Some valuable information can be obtained from the predicted glass transition
temperature as a function of Crestomer concentration. As mentioned, this curve is not
typical of what has been observed in the study of polymers to date. Typical polymer
blends follow a series type predictive model in which a small weight percentage of the
lower stiffness causes a rapid decrease in the stiffness of the blend. This can be viewed as
two springs in series, one of which is approximately three orders of magnitude greater
than the other.
It is thought that the blending of long chain thermoplastic materials cannot be very
thorough unless the materials are polymerized in-situ. This likely results in a morphology
in which regions of one material exist near regions of another, resulting is a blend only in
the macroscopic sense. Blending on a small-scale would appear to be very difficult This
concept that thermoplastic polymer blends exist on small-scale as localized regions of the
constituents, lends itself well to a model which is primarily series in nature.
In the case of the thermoset materials used in this study, the morphology of the
structure is likely to be much closer to an idealized parallel model since the chains are
formed in-situ during the curing process. In a parallel model, a large quantity of the softer
material is required to result in any change in the stiffness of the blend.
The glass transition temperatures cited in this study were all obtained at a testing
frequency of 10 Hz. Some conclusions were drawn about the behavior of these blends
both at higher and lower load rates based on time-temperature equivalency. This
approach, which applies only when the theory of linear viscoelasticy is valid, was justified
by noting that the maximum strain imposed on the test specimens during DMA testing are
typically less than 1.0%. Nevertheless, actual testing at higher frequencies should be
conducted to determine if these extrapolated approximations are valid.
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If hybrid chain formation is possible, the next issue which needs to be addressed is
the preferred order in which these chains are formed. For example, the behavior of a chain
composed of long strings of Crestomer 1080 followed by long strings of Derakane 8084
wiU differ markedly from one composed of alternating shorter sections of the same
constituent materials. The morphological structure in this case would be a strong function
of the reaction kinetics of each of the constituents.
The issues relating to the precise morphology of the blends would provide valuable
information which could be used to minimize manufacturing variance and build better
models to predict the mechanical behavior of these materials under a wide variety of
loading conditions. The morphology could be determined by irradiating one of the
constituents with Deuterium. The blended material morphology could then be determined
using TEM (Transmission Election Microscope) techniques. The morphological
characterization of these blends should be a high priority if these materials are to be used
in critical structural applications.
11.40 Additional Required Testing
To complete the modeling of these materials under compressive loading using the
predictive model presented in this work, several additional material tests are required.
First, a series of tensile tests are needed to eliminate the ambiguity in the pressure
coefficient, which was assumed to be 0.20 throughout this study. In addition, if the
behavior beyond the lower yield stress is desired, the elements of the backstretch tensor
(Bij) are required. Recall that the backstretch tensor is assumed to be an entropic force
which is modeled using Langevin statistics and finite strain elasticity. To determine this
behavior, the rubbery (initial) modulus of the individual blends is required. This
information can be obtained by raising the temperature of the material to a few degrees
above the glass transition temperature, and loading the specimen at a high rate. The slope
of the initial portion of the true stress / true strain response is the rubbery modulus of the
material.
The fmal pieces of information required are the temperature dependence of both
the modulus and yield stress. This information is readily obtained from plots of true stress
versus true strain which are taken from compression or tension tests conducted at a series
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of test temperatures at a rate which is slow enough to ensure that isothermal conditions
are maintained.
11.50 Conclusions and Irnplications
The model predicted the behavior of the glassy materials to a high degree of
accuracy. In the 75% Crestomer 1080 / 25% Derakane 8084 blend, the Crestomer 1080
began to influence the behavior of the material. The stress levels are a strong function of
the athermal shear strength which is dependent on the assumed modulus of elasticity.
Some work is needed to implement rate dependency into the model to reflect the rate
dependent elastic response of these materials.
This project was motivated by the general lack of information concerning the high
strain rate behavior of amorphous polymers and thermosets which are used in critical
structural applications requiring a significant degree of high strain rate survivability
The example cited in this study was the secondary bondline between a stiffening
member and the hull shell of glass-reinforced plastic (GRP) minesweeping vessel. The
current measure of the effectiveness of a bondline improvement in this appUcation is the
pull-off strength. These pull-off tests are conducted at very low rates (1.0 mm/sec is
typical). Recent increases in pull of strength have been accomplished by increasing the
strain to failure of the resins in the most critically stressed areas.
This study has concluded that pure Crestomer 1080 is capable of large
deformations without yielding for the observed strain rates which were as high as 0.13
sec*. When tested at strain rates on the order of 1000 sec\ which are "typical" of
hydrodynamic and air blast, this material behaves in a glassy manner, showing a clearly
defmed upper yield point as well as thermal and strain softening behavior.
Although most of the stresses in a stiffener pull-off test are tensile, the compressive
material behavior obtained in this study can be used to gain some insight into the high
strain rate tensile behavior of these blends. In general, fracture toughness decreases as
yield stress increases. The large increase in yield stress seen in these Derakane/Crestomer
blends will therefore likely lead to significantly lower pull off strength under high pull-off
rates as compared to the slow pull-off results. This effect will be especially significant
when the Crestomer 1080 concentration is greater than approximately 50% by weight.
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Further study of the blends between 50% and 75% Crestomer are required to determine
exactly when the rate dependency of the elastic modulus becomes most important
Large Stiffener pull-off loads rely on the high compliance (low modulus) of the
materials in the bondline. If the modulus increases r^idly from the testing load rate to the
actual service load rate, all of the advantages of the compliant material will be lost and
failure wlU Likely initiate much sooner than predicted.
This study has investigated the compressive behavior of a blend of two distinct
polymers as a function of strain rate. Further work is required to fully understand the
behavior of these materials. The next step must include some morphological studies to
determine both the mechanisms of the formation and final structure of these bends. The
other issues which have not been addressed relate to tensile loading and include crazing
verses yielding response. This will give some information relating to the determination of
the u^ansition from brittle to ductile behavior as a function of strain rate. Crazing occurs in
the elastic response regime and the voids which are formed can serve as nucleation sites
for fracture to occur. Once these issues are understood, more accurate models can be
developed and eventually implemented into a numerical finite element code to model the
response of more complex "real world" structures.
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HISTORICAL OVERVIEW OF STIFFENER TO PANEL SECONDARY
BONDLINE IMPROVEMENTS
Introduction:
This section will present a chronological account of methods which have been
proposed to improve the stiffener to shell secondary bond. The earhest method involved
bolting the stiffener to the main hull laminate, a complicated process which added a great
deal of weight and cost to the ship's structure. The need to utilize bolts has been virtually
eliminated in the past few years by the use of highly compliant resins initially based on
acryhcs, and most recently on urethane acrylates.
In addition to the effects of mechanical fastening and modification of bondline
materials on secondary bond strength, the effects of the loading mode on the stresses in
the bondline will be investigated. During an explosion, a stiffened panel is subjected to a
very complicated loading pattern. To simplify the experimental evaluation of a proposed
bond line improvement, a variety of clamping modes have been investigated. It was
determined that both the required stiffener pull-off load and the mode of failure are
strongly dependent on the loading mode used in the experiment.
The ultimate goal of the bondline material improvements is to prevent the
separation of top-hat stiffeners from the hull shell under explosive loading. The results
which will be presented in this section span approximately 25 years of research, mostly in
support of various minesweeper construction projects in the United Kingdom. The results
reflect static pull-off tests which are available in the open literature, but details relating to
the verification of these results in explosion trials is not available.
Mechanical fastening techniques:
Early frame to shell connection designs, which generally used an all polyester
mauix with E-glass woven reinforcement, were prone to failure at very low intensity
explosive loads. Initially, this problem was solved by bolting the stiffener to the base
panel. An increase in stiffener pull-off strength was obtained solely because the bolt head
needed to be pulled through the stiffener flange or base plate prior to final failure. As a
consequence, the presence of bolts served only to add damage tolerance to the structure
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by acting as crack arresters but did not prevent initial failure. In addition, the use of bolts
added considerable weight and cost. The bolts initiaUy used were made of aluminura-
sUicon-bronze and later titanium. These materials were chosen due to the non-raagnetic
hull requirements of mine sweeping vessels, the corrosive environment, and fatigue and
vibration service requirements. Some of the early top-hat stiffener attachment methods
were presented, by C. S. Smith and are reproduced in Figure 1.*
An article written by Green, A.K. and Bowyer, W.H. in 1981 described alternative
mechanical fasteners.^ The requirement to maintain water tight integrity led to an
insertion scheme involving boring and counterboring of the hull laminate, the use of
sealant, as well as the need to manually torque tighten the bolts from both inside and
outside the hull following demoulding. The high cost associated with the fasteners and the
insertion procedure led to the study of other fabrication methods that could resist the
effects of shock loading. Green and Bowyer investigated the possibility of replacing the
titanium bolts with a relatively inexpensive commercially available mechanical fastener and
insertion technique using stainless steel screws. The screws were pneumatically driven
into holes filled with Hquid polyester resin. It was noted once again that mechanical
fasteners were only a partial solution to the problem, since the bond failure initiates at the
stiffener web/flange comer, remote from the fastener, and the fastener acts only as a crack
arrester. To achieve a fundamental improvement in performance, it was necessary to
inhibit the crack initiation process. As a result, they investigated the use of internal flanges
produced using tough acryhc resins.
Internal flanging:
Green and Bowyer investigated the use of an internal flange, which is shown in the
Figures 1 and 2. This fabrication method is an attempt to utilize the redundant stiffener
base area and reduce the stress concentration in the stiffener web/flange comer by bridging
the angle between the stiffener web and the base panel with Kevlar fiber stitching. The use
of stitching was investigated using both polyester and tough acryhc matrix materials in the
' C. S. Smith, Design of Marine Structures in Composite Materials (New York: Elsevier Applied
Science, 1990), p. 289.
^ A.K. Green and W. H. Bowyer, 'The Development of Improved Attachment Methods for Stiffening
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bondline. Crack initiation in the secondary bond line at the stiffener flange occurred at
higher load levels in specimens incorporating an internal flange with stitched cloUi
construction and acrylic matrix material in the bondline. In the stitched cloth construction
specimens fabricated with polyester resin, peak loads were only slightly higher than in the
unreinforced specimens. This indicates that the properties of the specimens are limited by
the fundamental interlaminar toughness of the glass/polyester laminate, known to be about
two orders of magnitude less than the translaminar (cross fiber) toughness in these
materials^. In the acrylic stitched cloth specimens, the load bearing capability was
increased on the order of 30 percent due to the large strain to failure of the acrylic material
and subsequent improvement in load distribution in the secondary bond line. This was an
early indication that by increasing the strain to failure and the compliance of the material in
the bondline, the load distribution in this region could be improved significantiy.
Clamping mode:
Green and Bowyer'' expanded their work to include the effects of the clamping
mode on the stress distribution and the final failure of a top-hat stiffener subjected to
quasi-static pull-off testing. The two clamping modes were termed centre clamp and two
clamp as shown in figure 3. This terminology has been used to describe the quasi-static
testing of top-hat stiffeners ever since. The nomenclature used in this and all future
studies is shown in figure 4. It was shown in earlier studies that the distribution of the
tensile and compressive stresses in the secondary bondline are very sensitive to the form of
the applied load.^ In particular, these stresses are sensitive to the magnitude of the
bending stresses present in the stiffener table and more importantiy in the side web.
^ G. Smith, A.K. Green and W.H. Bowyer, "The Fracture Toughness of Glass Fabric-Reinforced
Polyester Resins," Proc Conf 'Fracture Mechanics in Engineering Practice'. Sheffield 1976
. ed. P.
Stanley ( London: AppUed Science Publishers, 1977), p. 271.
* A.K. Green and W.H. Bowyer, 'The Testing and Analysis of Novel Top-Hat Stiffener Fabrication
Methods for Use in GRP Ships," Composite Structures , ed. 1. H. Marshall (London: AppUed Science
Publishers, 1981) pp. 195-201.







Elastic energy is stored in the side web, table and center of
the base panel.
A.R. Dodkins, R.A. Shenoi and G.L. Hawkins, "Design of Joints
























The stresses in the bondline were evaluated with the load unifomily applied across
the stiffener table for two clamp loading condition. The center clamp loading was applied
as shown in Figure 5 in which an additional strip of steel was placed between the loading
shackle and the stiffener table to concentrate the loading at the center of the stiffener table.
The centre clamp results were compared to previous work in which the load was applied
uniformly over the table. The results are presented in Figure 6.
It has been shown that failure of top-hat stiffened panels subjected to explosive
loading occurred by complete separation of the hat stiffener from the base panel. Failure is
caused by a crack originating at the heel of the side web which propagates through the
secondary bondline. As a consequence, the larger the tensile stress concentration at the
heel of the side web, the lower the load required to initiate failure. When the load was
applied over the entire table in the centre clamped case, bending stresses were present in
the side webs. These bending stresses are a result of a moment applied to the lower edge
of the side web due to the curvature of the base panel under load. As a consequence, both
tensile and compressive stresses were present in the secondary bondline. When the
loading was concentrated towards the center of the table, the bending stresses in the side
webs disappeared and only tensile stresses were present. This was due to the
compensating moment applied to the top of the side web by the curvature of the stiffener
table. When the bending stresses in the side webs are eliminated, the magnitude of the
tensile stress concentration at the heel of the side web is reduced significantly. In the two
clamp loading case, the stresses at the heel of the side web are compressive which
indicates that the propagation of a crack through the bondline is not likely to be the initial
failure event in this loading mode.
In order to determine the most severe loading case, it is important to know
whether a crack will continue to propagate or arrest. The balance between overall system
compliance and stored elastic energy in the deformed shape of the stiffener plate
combination will determine the outcome. System compliance increases as the crack
grows, along with a drop in the applied load, and stored elastic energy is released to






Schematic loading arrangement, centre clamped.
A.K. Green and W.H. Bowyer, "The Testing and Analysis of Novel
Top-Hat Stiffenener Fabrication Methods for Use in GRP Ships,"




quasi-static pull-off process proceeds at such a slow rate that it is nearly analogous to
applying a fixed displacement
The centre clamp loading mode is shown in Figure 3a. In principle, the base panel
acts as two cantilever beams fixed at the location of the centre clamp. The energy in the
system which is available for continued crack propagation is stored in the region of the
base panel under the top hat, the side webs, and the table. The initial system compliance is
high, and as a result the load drops at a low rate as a function of crack length. As a result,
a crack is Ukely to continue to propagate, and catastrophic failure in the form of the
complete separation of the stiffener from the top-hat occurs. The catastrophic nature of
the crack propagation and the high stress concentration at the heel of the side web result
in a very low load to failure and an event which closely resembles the failure observed in
panels subjected to explosive loads.
The failure sequence in the two clamped loading case is significantly than the
centre clamp case. In this loading mode, the elastic energy in general is contained within
the table (eliminated in this case due to the uniformly appUed load), the side webs, and the
base panel similar to the centre clamped case. The flexed portion of the base panel is,
however, greater in this case. The initial failure event is the delamination of the outer ply
in the region of the flange root to relieve the bending stresses in the side web. Progressive
delamination occurs in subsequent plies, eventually forming a compliant hinge between the
side web and the base panel. As this process continues, the compressive stress in the
secondary bondUne at the heel of the web disappears and a tensile stress builds up. When
the tensile stress builds to a sufficient level, rapid failure occurs by a cleavage mechanism.
The study concluded that the centre clamp loading condition was the most severe
and results in failure which most closely resembles what is observed in shock loaded
panels. This can be seen in figure 7, which shows the representative load versus
displacement curve for the two loading modes discussed. The centre clamp loading mode
is the most severe case because of the large amount of stored elastic energy and the high
tensile stress concentration at the heel of the side web. These factors initiated catastrophic
failure at very low loads. It was also concluded that the bending of the side web has a
profound effect on the stress distribution in the secondary bondhne. This imphes that
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1 clamp, concentrated load
Stress distribution in stiffener flange region.
A.K. Green and W.H. Bowyer, 'The Testing and Analysis of Novel
Top-Hat Stiffenener Fabrication Methods for Use in GRP Ships,"
Composites Structures, ed. I.H. Marshall (London; Applied Science
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increasing the compliance of the web/flange comer would reduce the bending stresses in
the side web, thereby increasing the pull-off strength of the stiffener. Improvements may
also be made by utilizing tough resins in the first few plies of the base panel in the most
highly stressed regions.
Use of compliant resins:
Several studies were conducted in an attempt to utilize tough resins based on
urethane acrylates as an alternative to the mechanical crack-stopping system and the other
methods discussed previously.^ The use of a fillet of resilient adhesive resin, with a strain
to failure of up to 100%, in the critical region of the bondline (under the heel of the web)
provided a frame/shell connection equivalent to or better than that provided by bolt-
reinforcement. This was demonstrated both by static tests, as well as explosion tests on
submerged panels and a large-scale floating hull-section. The details of the shock testing
results were not given, and could not be found anywhere in the open literature.
In 1992, a study was conducted to improve stiffener to shell bonding by
modification of the secondary bondline interface'. Several hull stiffener interfacial
secondary bond arrangements were analyzed experimentally and compared. The bolted
and screwed specimens are included for comparative purposes only.
a) Standard polyester resin only with woven roving glass (unmodified construction)
b) Standard polyester resin with titanium bolts
c) Standard polyester resin with stainless steel screws
d) Stitched cloth with polyester resin (internal flange)
e) Stitched cloth with acrylic matrix (internal flange)
f) Woven roving with chopped strand mat using polyester resin in bondline
g) Two-part elastomer modified acrylic system in bondline
h) Acrylic impregnated chopped strand mat in bondline
* J. Bird and D. Bashford, "The Use of Flexible Resins to Improve Bond Connections in GRP Ship
Construction," Proc. Composites-1988 World Conference on Composite Structures. Nice. France . June
1988.
^ L.S. Norwood and C. Caulier, 'Testing the Effectiveness of Tough Resin Systems for Improving
Structural Performance of Joints in GRP Ships Composite Materials," Nautical Construction with
Composite Materials: International Conference. Paris , ed. Peter Davies and Lional Lemoine (Paris:
Ifremer,1992), pp. 246-255.
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I) Urethane acrylate to wetout the woven roving reinforcement around the bond line
j) Standard polyester resin and lay-up, with a filled urethane acrylate fillet between the
top-hat and the base panel at the heel of the web
k) Reinforced urethane-acrylate layers around the bondline plus a filled urethane-acrylate
fillet at the heel of the web.
The slow pull-off testing of the above configurations was performed using center
clamping, which was shown by Green and Bowyer to result in the most severe loading
condition. The results of these tests are shown in figure 8-11. It should be noted that the
results of items a-e are identical to those obtained by Green and Bowyer in 1981.
Several conclusions can be drawn from the results.
1
.
The work necessary to faU toughened resin top-hat sections is similar to that necessary
to destroy bolted constructions, but the work input to initiate cracks is considerably higher
in the toughened resin structure.
2. The use of stitched cloth-polyester resin lay-up in the secondary bondline region
resulted in a load to failure 15% higher than the unmodified construction.
3. The use of chopped strand mat reinforcement with polyester resin at the bondline
resulted in a load to failure 20% lower than the unmodified construction, and the use of
acryhc impregnated chopped strand mat in the bondline resulted in inferior performance
compared with the use of acryhc matrix alone.
4. The use of the tough two-part elastomer modified acrylic matrix increased the
secondary bondline strength and the load for bondline crack initiation by allowing
redistribution of stresses away from the regions of stress concentration. In addition,
cracks starting in the bondline slowly, rather than catastrophically, opened up as the
displacement increased.
5. The use of a styrene crossUnked urethane acrylate resin capable of sustaining strains to
failure in excess of 100%, in the bondline resulted in an increase in the linear load region
of approximately 50% as compared to the unmodified structure. The use of urethane
acrylate resulted in the need for three times the work input to initiate a crack as compared
the standard unmodified structure. In addition, the web bending stresses are reduced as









Centre clomp top hat pull off tests, comparing standard bondlincs with
the adopted urethane acrylate system.
L.S. Norwood and C. Caulier, "Testing the Effectiveness of Tough
Resin Systems for Improving Structural Performance of Joints in
GRP Ship Composite Materials," Nautical Contraction with
Composite Materials: International Conference, Paris, eds. Peter
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Centre damp lop hat pull off tests with different bondline conditions.
L.S. Norwood and C. Caulier, "Testing the Effectiveness of Tough
Resin Systems for Improving Structural Performance of Joints in
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fact that the urethane acrylate resin at the secondary bondline has the capabihty of
extending more than a rigid bond Une, and can therefore store more elastic energy
resulting in higher work input
6. The presence of a flexible fillet as shown in figure 12, based on thixotropic urethane
acrylate resin at the heel of the web significantly improved the performance of the
bondline, but fillet design was not a major contributor to the overall performance of the
bondhne.
7. The use of a styrene crosslinked urethane acrylate in the last few layers of the main
laminate, with woven roving glass, and the first few layers of the stiffener resulted in a
significant increase in the linear load region as compared to the use of a urethane acrylate
fillet alone.
Preformed stiffeners:
The current production practice involves forming the top-hat stiffeners over a
foam former attached to the ship's hull. Often the hull shell is laminated many weeks prior
to stiffener attachment. Using this production method, the flange thickness is the same as
that of the stiffener web. The web thickness is determined by the stiffener' s requirement
to act as a beam with the web supporting the shear loading as the beam is placed in
bending. This gives rise to an undesirable constraint that the web thickness drives the
flange thickness. A parametric study was performed to assess the feasibility of using
preformed top-hat stiffeners which would remove this constraint, and to determine the
effect of several different design parameters. Figure 13 shows the typical configurations
for commercial and naval applications, along with the proposed alternative configuration.
The preformed stiffeners are to be produced by a process known as SCRIMP
(Seeman Composites Resin Injection Molding Process). It is essentially a modified form of
the vacuum-assisted resin transfer molding (VARTM) process, which produces laminates
of extremely high and consistent strength and quality. This process was conceived in the
United States by Seemann Composites, Inc., and developed extensively for large scale
AR. Dodkins, R.A. Shenoi, and G.L. Hawkins, "Design of Joints and Attactiments in FRP Ships'
Structuresk," Marine Structures . 7 (1994), pp. 365-398.
' R. A. Slienoi, and J. F. Wellicome, eds., Composite Materials in Marine Structures: Volume 2 Practical
Considerations




















































(Detennmed from pracncaJ consideradons)
Typical Configuraiicjns for Qjmraercial Applicanons
Top-ha: secncn suffener laminated
direc'Jy onto cured planng
Typical Coniigurauans for Naval Applications
U-section pre-formed snifener
Light overlaminaie e.g. 2WR.
Large radius (@ 75iimi) urethane
acrylatfi resin fillet
A.
5Gap of pre-determined size
"New" and Alternative Configurations.
A.R. Dodkins, R.A. Shenoi and G.L. Plawkins, "Design of Joints




production by Vosper Thomcraft in the United Kingdom. It allows for the production of
very large, high-quality FRP moldings in a cost effective manner.
This new production process has the following advantages over the traditional method:
1. High fiber volume fraction and low void content laminates can be produced, resulting
in stiffener laminate strength and modulus approaching twice that of the hand lay-up
procedure, using the same constituent materials.
2. Producing stiffeners separately from plating means that most of the laminating work
can take place in "ideal" workshop conditions rather than inside the hull where the access
is more difficult.
3. It is estimated that, if this approach was applied throughout the ship, a saving of 30%
in the weight of stiffeners could be achieved, including avoiding the need for foam formers
which become redundant once the laminate cures, but nevertheless have to remain built-in
the structure.
4. In this design, the comphance of the joint can be significantly improved over the
U^aditional fabrication method. This wiU serve as a good follow-on to the work of Green
and Bowyer who predicted that increasing the compliance of the web flange comer would
significantly improve the performance of the joint.
In the design study of the new stiffener, the following design parameters were
selected (see figure 14):
1. Radius of fillet (25-125 mm)
2. Backfill angle of fillet (0-45 degrees)
3. Fillet material (Urethane Acrylate only)
4. Thickness of overlaminate (1-12 laminates)
5. Overlaminate resin (Polyester resin only)
6. Gap between base panel and stiffener (10-50 mm)
Both the highest value of principal stress in the fillet and the through-thickness
stress in the overlaminate were considered using both centre clamp and 2 clamp loading.
The results are shown in figures 15-19.
The stresses arising in the new stiffener design were compared with those obtained
in a similar stiffener produced in the traditional way. In the new stiffener design under
191
Overiaminate thickness
Design variations considered for top-hat stiffeners.
A R Dodkins. R.A. Shenoi and G.L. Hawkins, "Design of
Joints
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Effect of gap on stress in fillet.
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centre clarap loading, the through-thickness stress concentration which was present in the
traditional design is no longer in the region of the flange root, but are now in the web with
reduced magnitude. Note that these through-thickness stresses are compressive and do not
directly lead to any failure event. When the maximum principal stress in the fillet was
compared with the those obtained by the analysis of the traditional design, it was found
that the stresses were nearly the same. This would indicate that failure should occur at
nearly the same load level for both the traditional and the new production method in this
loading mode.
In the case of two-clamp loading, the through the thickness stresses in the new
design are reduced over those in the traditional design, which will delay the failure in this
mode untU higher loads are appHed. The load was redistributed to the fillet where the
maximum value in the new design was about 50 percent higher than in the traditional
design. This will likely lead to an increase in the applied load to failure over the traditional
design, since the fillet can withstand a higher stress level than the overlaminate.
Conclusion:
There have been many advances in composite secondary bondline interfaces in the
past 25 years. The evolution from bolted connections to adhesively bonded connections
has come about as a result of the rapidly growing interest in special purpose polymers.
With all the progress that has been made, there is a great deal which is stiU unknown about
these materials. As an example, the behavior of polymers under conditions of dynamic
loading is a complex subject which requires further study. Continued research in this and





Glass Transistion Temperature Calculation File
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Input the observed values qf Tg rPegrees C^
Note : The index is the equal to the weight percentage of Crestomer 1080
TgobSQ-114.0 Tgobs^j- 101.0 TgobSj^j :=89.0 Tgobs^^ :=65.0 TgobSj^j^ :=27
Tgobs2Q ;= 113.0 Tgobs22g = 102.0 Tgobs25Q :=90.0 Tgobs2^5 :=66.0 Tgobs2jQQ :=27
Define an expression fo r the glass transtion temperature of the copolvmer:
TgioSO'^TgobSj^ Tg 8084 • - TgobSp W ^q^ : -— ^8084. •-1-'^1080.






tyPj" w 1080. w 8084.
TglOSO "^^8084, \'rgl080 Tg8084,
























Use WLF equation to predict Tg at higher frequency:
^test
" 10-Hz < enter test frequency >
n= 1 < enter desired increase in frequency over test frequency in decades >
fdes-=10°ftest fdes = 100-Hz




aT=0.1 Co :=51.6 C , := 17.44




ATg = 3.139 < Note an increase in frequency results in a





Instron Test Data Log 202
Compression Testing
100% Derakane / 0% Crestomer 208
75% Derakane / 25% Crestomer 230
50% Derakane / 50% Crestomer 252
25% Derakane / 75% Crestomer 273
0% Derakane / 100% Crestomer 296
Load Rate 1 - 0.01 mm/sec 310
Load Rate 2 - 0. 10 mm/sec 314
Load Rate 3-1.00 mm/sec 318
Load Rate 4 - 2.50 mm/sec 322
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THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST





L„ :=(DIMd"') -mm D„ :=(
mm
<'>^
m , (dIM ^>
B 2 ^









L„ :=fDIMr,^'^],„^^ •mm D„ :=(DIMr,^^]^„^^ •O4 \ ^ /SPECd °4 \ ^ /SPECd
•mm
mm
Calculate the initial cross sectional area (nnm^2): A
^^^
:=— /D „ \








The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to





Note: Files A-E are only used for
tracking purposes. There is no relation
to the specimen position indicator.
Analysis slots not used read the default file
IC0LR1T1.pm.
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disply^:=A mm loadj-): = D kN displ j): = D mm
<2>
displ B :=B -mm
displ q'=C -mm
Look at matrices and calculate
number of data points:
a := 1 ..rows( A) d := 1 .. rows(D)
b :=l..rows(B)
c :=l..rows(C)
Calculate true stress and true strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mm'^2):
MPa:=110 -Pa
LiA : = Lo -d'splA lA
^CSOj'^Oj
•lA
^IB =^0 -displg AjB : =




^ CSO3 ^ O3
LiC :=L -displc Ajc : =—
3 c ^ LiC
A -T
CSO^ O4
LiD ' = ^0- displ n AiD :=—
d 4 d d Ljj)






























Calculate the yield stress (MPa) and corresponding true strain:
tJyAcalc^-^ ""(^-1200,0 Q^eA^,0-MPaj o y^ :=max(o y^calc) NumA^ :=if|a ^^eA =0 yA'^-OJ
OyBcalCj^'=if(t'-1200,OtrueB^'0^1Paj c yQ = max{^o y^^^^) NumB^-iflo ^^^^'^ yB^^'^)
«^yCcalc^ '"^('=-^200,0 ^eC^,0-MPaj C ^ :=max(o yc^alc) NumC^ :=if/o t^eC =a yC-C.OJ
^ yDcalCj :=if/d<1200,a trueD^'OMPaj o yjj :=max(a y^calc) N^n^d '^'^(^ trueD^=<' yD'^'^)
^yA""^trueA ^^ ^^ ^yB"-^trueB ,^ .^ ^yC"~^tnieC ,^ ^, ^yD'"^trueD ,^^ ^,•' max(NuiiiA) •' inax(NumB) •' max(NuinC) ' max(NumD)
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0.1 0.2 0.3 0.4
TRUE STRAIN
A = 34-4-c (3); Load Rate = 0.01 mm/sec
B = 27-4-c (24); Load Rate = 0.10 mm/sec*
C = 34-4-e (5); Load Rate = 1.00 mm/sec
D = 35-4-d (11); Load Rate = 2.50 mm/sec
0.5 0.6 0.7 0.8
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa)
and true strain at yield:
"^^(^trueA) =0-759 max(o ^g^) = 110-58 'MPa
^^(£01166) =0-761 max(at^eB) =106.084 -MPa
i^(^ truec) = 0-763 max(a ^^^ = 1 17.63 -MPa
"^(^ trueo) = 0-763 max(a ^^^) = 123.683 -MPa
a yA= 93.767 -MPa
a yB = 105.442 -MPa
a y<3 = 117.63 -MPa








Select specimens to be used: z = 1 .. 8 ORIGIN = 1
DIM :=READPRN(C0MP1B)
SPEC :: L, :=(dIM->)
z
SPEC,^„-mm Dq :=(dIM^^)spec^^ j^-mm
































































NOTE: A default value of 1 with no trailing zeros is used as a place filler for vector locations
which were not used.
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Stroke :=Lr - L^










Input test type: Double-Ramp Loading
Calculate total machine stroke (mm):Stroke jqj :=2Stroke
































































Select a buffer size which is larger than











The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A :=READPRN(IC1LR1T7) E :=READPRN(IC1LR2T5) Note: Files A-H are only used for
B :-READPRN(IClLRlT8) F :=READPRN(IC1LR2T6) ^'^^'^'"9 purposes. There is no relation
to the specimen position indicator.
C :=READPRN(IC1LR1T9) G :=READPRN(IC0LR1T1) Analysis slots not used read the default file
D :=READPRN(IC0LR1T1) H :=READPRN(IC0LR1T1) IC0LR1T1.pm.
Split matrix matrix into two vectors, load (kN) and displ (mm): kN := lOOOnewton
loadys^:=A -kN displ ^:= A -mm load£:=E -kN displ £: = E -mm
loadg:=B -kN displ g:=B mm loadp:=F kN displ p : = F'^'^-mm
load^i^C'^'^-kN displ ^ :=C^^ -mm loadQ :=G^'^-kN displ q :=G^^ -mm
load£,: = D kN displ £):=D -mm load j^ i^H*^ "^kN displ ^ : =11*^ '^-mm
Look at matrices and calculate
number of data points:
a := 1 ..rows(A) e := 1 ..rows(E)
b :=l..rows(B) f := 1 ..rows(F)
c :=l..rows(C) g := 1 .. rows(G)
d := 1.. rows(D) h := 1 ..rows(H)
214
Generate a plot of load (kN) versus displacement (mm) for load rate 1 (0.01 mm/sec)j














A = 34-4-b (2)
B = 34-4-c (3)
C = 34-4-d (4)
Maximum load (kN) and displacement (mm):
max(load^) = 43.82 'kN
max^loadg) =45.041 -kN





Generate a plot of load (kN) versus displacement (mm) for load rate 2 (0.10 mnrv'sec);




















Maximum load (kN) and displacement (mm):
max (load g) = 43.674 'kN





Calculate true stress and true strain (assume incompresslbility):
Calculate Instantaneous length (mm) and cross sectional area (mm^2):
MPa:=110 Pa
LiA
-^c -dispi^ A^ : =—
—




LiB,=L -displg AiB : =—
-
b 2 b b L iB,
LjC =L -dispic Ajc =—











? ' s s L
^cso^'^o^
iG
L^^: = L,^-d:splH^ A^.
A -T
^ cso„ ^ 0„
iH,
Calculate true stress (MPa) and true strain:
load load
<^mjeA '- trueB




















































Calculate the yield stress (MPa) and corresponding true strain:
^yAcalc^-'Y'^'^^'^'^eA^'^'^^ ^ yA •="^^(^ yAcaJcj N"jmA :=i! a =otrueA ~^ yA • a.O
^ vBcalc^
- If b<1200.a trueB^-O-MP^j o yg - max(o ygcaJcj NumB^ := if^o trueB^=^ yB-^-O
«^ yCcalc^ :=if^c<1200,o trueC^,0-MPaj o y^ :=max(a yCcaJc) NumC^ :=if|a trueC =^ >C'^'0)
<^yDcaJc =^l^^^^^'<^ trucD ^O'^A <' yD ="^^(^ yDcaJc) ^umD^ :=if[o q-^j^d =^ yD-^-O
^yEcaJc '^if e<1200.o ^^eE .0-MPa o yg :=max^o yE^^^j NumE^ :- if a ^^^E =a yg . e ,
yF :=max (^ yFcaJc)
NumF := iffc trueF=^>F'f'0<^yFcaJc/=^(f^l200,o^^eF^,0-M]
^yGcaJc/='f(g-l-00'^tnieG^'0-MPaj o ^ :-max(a yQ^^J NumG^ :=if^a ^^^0 =a ^,g,0
^vHcaJc =if[h<1200.a^^,H -O-^^^) ^ yH ""^^(^ yHcalc) ^""^h '"'^(^ tnjeH =^ >«-h-0
= evA"''tnjeA ''vB~''irueB
^. „ *'vC~"'tnjeC ''yD~''u-ueD[n;ix(NumA) " max( NuinB ) ' max(NumC) max(NumD)
vE ^ irucE , *- yF '^ mjcF , "^ vG " trueO ^ vH ^ irueH






Generate a plot ot true stress (MPa) versus true strain for load rate 1 (0.01 mm/sec):
0.3 0.4 O.J
TRUE STRAIN
A = 34-4-b (2)
B = 34-4-c (3)
C = 34-4-d (4)
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at
yield:
"^(^tnieA) =0-756 inax{c ^^^) = 101 .533 'MP^
"^(^trueB) =0-759 m3x(c ^^^) ^UO.Si'MP^
CT^ = 92.851 -MPa
















— E = 27-4-c(15)
— F = 27-4-d(25)
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at
yield:
"^^(^trueE) =0-'761 max [o ^^gg) = 106.084 -MPa c yg = 105.442-MPa e £=0.071
'"^{^tiueF) =0-'755 max^Oij^epi =107.51 -MPa o ^ = 104.98 -MPa £^^ = 0.067
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z:= 1..8 ORIGIN := 1
SPEC := Lq := (dIM*^^ ^)sPEC. j^mm D ^ := (dIM'^^)spec^^ jj-mm
































































NOTE: A default value of 1 with no trailing zeros is used as a place filler for vector locations
which were not used.
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Input test type: Double-Ramp Loading
Calculate total machine stroke (mm): Stroke ^^ = 2- Stroke^


























































Hz NBR data. Freq data -^^^ tot NBR data
Select a butter size which is larger than











The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transtered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A := READPRN(IC1LR3T4) E := READPRN(IC1LR4T3) Note: Files A-H are only used for
trackinq purposes. There is no relation
B :• READPRN(IC1LR3T5) F := R£ADPRN(IC1LR4T4)
,„ ^^ ^^^^ ^^^^.^^ .^^^^^ ^^1^^.^
C := READPRN(IC1LR3T6) G = READPRN(IC1LR4T5) slots not used read the default file
ICOLRITI.pm.
D = READPRN(ICOLRITI) H := READPRN(ICOLRITI)
Split matrix matrix into two vectors, load (kN) and displ (mm): kN := lOOOnewton
load^ := A^^^-kN displ^ := A'^^mm loadg := E^^ ^-kN displg := E'^^-mm
loadg := B^^^kN displ g := B*^^-mm loadp := F^^^-kN displ p:=F^
Look at matrices and calculate
number of data points:
a := 1 .. rows(A) e := 1 .. rows(E)




load^ -C^^^-kN displ ^ = C^^-mm load q := G*^^ ^-kN displ q := G*^^-mm
load£) := D'^^^-kN displ^, := D'^^-mm load^ - H^^^-kN displ ^ := H*^^-mm
223
Generate a plot of load (kN) versus displacement (mm) tor load rate 3 (1 .00 mm/sec):
Load limit: max(load) < 100 kN
— A = 34-4-e(5)
— B = 34-4-f(6)
— C = 34-4-g(7)
4 5
DISPLACEMENT (mm)
Maximum load (kN) and displacement (mm):
max(load^) = 43.527 -kN
max (load g) = 24.768 -kN








Generate a plot of load (kN) versus displacement (mm) for load rate 4 (2.5 mm/sec):













Maximum load (kN) and displacement (mm):
max (loadg) = 25.305 -kN
max (load p) = 25.256 -kN
max(loadQ) = 25.501 -kN
maxfdisplg) = 8.153 Tnm
max^displ p) = 8. 178 'mm
maxfdispJQ) =8.078 'mm
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Calculate true stress and tme strain (assume incompressibility):
Calculate Instantaneous length (mm) and cross sectional area (mrT>^2):
LiA =Lo -displ;^ A^j^ :=
a 1 a a
A L" CSOj ^Oj
iA
A L^ CSOj *^ Oj
LiC =L -displc Ajc =
c 3 c c Lj(-
LiE -Lq -displg AjE
e 5 e e
g 7 g g L




^iB '=^0 -^SP^B. ^iB
d 4 d
LiH '=^0 -'^SP^R ^iH
























































Calculate the yield stress (MPa) and corresponding true strain:
^
yAcalc^




^^eB^'O-^IPaj a yg := max(a yg^^^) NumB^ := if(a ,^^g^=a yg .b.o'
^
yCcalc^
^= if(c<1200.o ^^eC^'O^Pa) cr y^ := max(a y^,^^) NumC^ := if^o ^^^^=0 ^,c,o'
^
yDcalc^
= ^^(^^1200. a ^^eD^'O-^IPaj a y^^ := max(a yj^^^^J
NumD^ := rf(c
^^^/^ yD-'^'O
o r: ..„ := if/'e<1200,a^,„r- ,OMPa\ o „c := maxfa „r-^,,^^ NumE := if/o ,„,^r: =0 „c.e.OyEcalc^ - "|^'=^^^""'^ trueE^'^ ^^"^''j " yE - "'^(.^ yEcalcj ^^""^e - "|^^ trueE^"^ yE
^ yPcalc^
-
^{'^ ^200-^ tnaeF^-OMPa) ^ yp := max(a yp^^J
NumF^ := if|a ^^p^=a yp.f,0
^
vGcalc^
= if(g^l200.a t^eG^'0-MPaj a ^ := max(a y^^^^) NumG^ := if^o ^^q^^c ^,g,0
^
vHcalc^





^ yB '^ ^ trueB ... „. ^ yC '^ ^ inieC ... „, ^D '^ ^ trueD ,^ ^^
SE'^tnjeE ,^. ^^ S? '" ^ t™eF ^^, _, ^ yG '" ^ trueG ^^ _^ ^H " ^ trueH ^^ „^
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A = 34-4-e (5)
B = 34-4-f (6)
C = 34-4-g (7)
0.2 0.3 0.4
TRUE STRAIN
OJ 0.6 0.7 0.8
List maximum true strain obtained and corresponding stress (MPa). yield stress (MPa) and true strain at yield:







^^f^\ = 1 19.417 -MPa
CTy^ = 117.63 -MPa






















0.5 0.6 0.7 0.8
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield;
^H'triieE max^a ^^^\ = 123.683 -MPa= 0.763
"^H^tnieP) =0-'9 max(o^^p) =122.997.MPa
"^^(^truec) =0-^57 max (a ^^q) = 124.261 -MPa
a









THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z = 1 .. 4 ORIGIN := 1
DIM A := READPRN(C0MP2B) SPEC ^ := 1
DIM B := READPRN(C0MP2B) SPEC g := 5
/SPEC^ mm
L„ := DIM
3 )iB ;specb"™ D :=(dIMb<^>)B /SPEC •mm




^)sPECc-^ ^ 03 - (dim C^'^'jsPECc "^
DIM p := READPRN(C0MP2B) SPEC d = 12
I-o/=(dIMd^'%eCd"™ ^- -fDIMn<2>l... -mm•mm U,^:=(DIMd<'%^^^-,
7t , ^ -
Calculate the initial cross sectional area (mm^2): A „„„ := — [D „ V








The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to





Note: Files A-D are only used for
tracking purposes. There is no relation
to the specimen position indicator. Analysis
slots not used read the default file
ICOLRlTl.pm.
230
Spirt matrix matrix into two vectors, load (kN) and displ (mm): kN = lOOOnewion
loadyj^ := A*^^^kN displ^ := A^^'^^mm load j) := D*^' ^kN displ j^ := D"^^-mm
5<1> ,<2>loadg:=B ' kN displ g := B^-mm
load Q := C*^' ^kN displ q = C*^ ^nim
Look at matrices and calculate
number ot data points:
a:= l..rows(A) d := 1 ..rows(D)
b .= l..rows(B)
c := l..rows(C)
Calculate tnje stress and true strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mnr>^2):
MPa:= MO -Pa
^iA =^0- displ A Ay^ :=
a 1 a a L




LiBj=L -displ B AjB :=






































Calculate the yield stress (MPa) and corresponding true strain:
^ yAcalc^
" if(a<1200,a irueA^'OMPaj o ^^ := max(o y^^^^) NumA^ := if|a ^^^^^-o y^,a,o'
"^ yBcalc^
= if(b^l200,o Q^eB^'OMPa] a yg := max(o yg^^^) NumB^ := if^o ^^g^-a yg ,b.O
^ yCcalc^ "
if(c<1200,o irueC^,0-MPaj o y^ := max(a yc^ajc) N"niC^ ^= ^{<^ trueC^"'' yC'^'^
^yDcalc ^= if(d^l200,c ^^,D -OMPa) ^^ yD ^= "^(^^ yDcalc) ^umD^ := if(a j^ueD "^ yD'^-OdV d/-' \^/ \ d
yA'^trueA ^^ ^^ ^yB'"^trueB ^_, _^ ^yC' ^ trueC ,^ ., ^yD'^^trueD ,^, ^^' ma:i(NumA) ^ maji(NumB) "' max(NumC) •' max(NumD)
232


















0.1 0.2 0.3 0.4 0.5
TRUE STRAIN
A = 31-5-a(l); Load Rate = 0.01 mm/sec
B = 3 1-5-e (5); Load Rate = 0. 10 mm/sec
C = 32-5-a (8); Load Rate = 1.00 nim/sec
D = 32-5-e (12); Load Rate = 2.50 mm/sec
0.6 0.7 0.8 0.9




















a g =80.456 'MPa
a -,=94.798 -MPa
















z:= 1..: ORIGIN := 1
SPEC := := (dIM^^ >)sPEC(Z.I) mm D (dim<'>) SPEC, ,^•mm(z, 1)



































































NOTE; A default value of 1 with no trailing zeros is used as a place filler for vector locations
which were not used.
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Input test type: Double-Ramp Loading
Calculate total machine stroke (mm): Stroke




























































Freq data Hz NBR data Freq data time











Select a butter size which is larger than
the number ot data points !!
235
Data tile information:
The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transtered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A := READPRN(1C2LRIT5) E := READPRN(1C2LR2T5) Note: Files A-H are only used for
tracking purposes. There is no relation
B := READPRN(IC2LR1T6) F := READPRN(IC2LR2T4)
^^ ^^ ^^^^^^ ^^^^.^^ .^,.^^^^ ^^.^^.^
C := READPRN(IC2LR1T7) G := READPRN(1C2LR2T6) slots not used read the default file
ICOLRITI.pm.
D := READPRN(ICOLRITI) H := READPRN(ICOLRITI)






displ g := B mm




Look at matrices and calculate
number of data points:
a := 1 ..rows(A) e := 1 ..rows(E)
b := l..rows(B) f:= l..rows(F)
c := l..rows(C) g := I..rows(G)
d := l..rows(D) h := l..rows(H)
displ £ := E "^mm
displ p := F*^ "^mm
displ Q := G'^'^-mm
loadj) :=D^'^kN displ jj := D^^-mm load^ := H^^^kN displ pj := H*^^-mm
236
Generate a plot of load (kN) versus displacement (mm) for load rate 1 (0.01 mm/sec).

















Maximum load (kN) and displacement (mm):
max(load^) = 45.09 -kN






.[displ g) =8.675 'mm
.(displ q\ =8.55 'mm
237
Generate a plot of load (kN) versus displacement (mm) for load rate 2 (0.10 mm/sec):

















Maximum load (kN) and displacement (mm):
max (load
e) = 44.309 'kN
max (load p] = 45.041 'kN
max (load q) =44.211 -kN
max(displE) =8.55 'mm
max(displ p] =8.575 -mm
max(displ q) = 8.749 "mm
238
Calculate true stress and true strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
MPa := 110 -Pa







Ljc =Lo -dispic A,c=— L in := L - displ n A ^n ^=—
r







^lE ^=^0 -displg A£







LiH,^=Lo -^splHno n A:iH.
A -L
iH,
Calculate true stress (MPa) and true strain:









































Calculate the yield stress (MPa) and corresponding tme strain:
° yAcaJc^
-- i^(^^ l'-00-<^ tnieA^-"MPa) a ^^ := max(a y^^^J NumA^ := if^a
^^^^=a y^.a.oj
^ yBcoJc,
- 'f(b^l^-00-^ trueB^'O-MPaj a yg := rTm(a yg,^,) NumB, := if^a ^^3^=0 yg .b.OJ
<' yCcaJc^
^- ^(^^I'-O^-^ tr^^eC^-OMPa) <^ yc - "^"^('^ yCcalc) ^umC^ :- if|a ^,c^=a ^.c.OJ
^ yDcaJc^
" if(d<1200.a ^eD^-O-^Pa) a y^^ :- max(a y^,^^) NumD^ = if|a ^^d^=^ yD'^'O
<=
vEcoJc^
^- ^(-^^l^OO.a ^eE^.O-MPaj a y^ := rTu.x(a y^^^^) NumE^ := if^a ^^^^=0 y^.e.o'
<^
vGcaJc^ -
^(S^I^OO.^ tn;eG^-0-MP^) <^ yG - "^^(^ yOcalc) ^""^^5 - ^(^ m:eG^=<^ yG'S'O)
^ yHcaJc^
" if(h^l200.a ^eH^-O-^Pa) a y^ := ma.x(a y^,^^) NumH^ := if^c ^^^^^a y^.h.OJ
240














































0.2 0.3 0.4 0.5
TRUE STRAIN
0.6 0.7 0.8 0.9
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield:
max^Ej^gg) =0.861 max(o
^j^^g) = 102.532 -MPa o ^ = 80.456 -MPa £ ^=0.064



















1..R ORIGIN ;= 1
SPEC := Lp := (dIM^'^)sPEC(z.n

























mm Dq := (dIM'^'^)spec -mm












































NOTE: A default value of 1 with no trailing zeros is used as a place filler for vector locations
which were not used.
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Input test type: Double-Ramp Loading



































































Hz NBRdata = ^^eq data '^"^^ tot
z z z
NBR data ~
Select a buffer size which is larger than











The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A := READPRN(IC2LR3T5) E = READPRN(IC2LR4T4) Note: Files A-H are only used for
, „ _ ^ „^ , . „ tracking purposes. There is no relation
B := READPRN(IC2LR3T6) F = READPRN(IC2LR4T5)
,^ ^^ ^^"^^^^ ^^^^.^^ j^,.,^^^^ ^^^^^.^
C := READPRN(IC2LR3T7) G := READPRN(IC2LR4T6) slots not used read the default file
ICOLRITI.pm.
D := READPRN(ICOLRITI) H := READPRN(ICOLRITI)





displg -B'^^^mm load p := F^'^-kN
displ (3 := C*^-^^ -111111 load(3:= G*^'^-kN
Look at matrices and calculate
number of data points:
a = 1 ..rows(A) e - 1 .. rows(E)
b •= l..rows(B) f := l..rows(F)
c := 1 ..rows(C) g := 1 ..rows(G)
d = l..rows(D) h := l..rows(H)
<2 >
displ £ := E mm
displ p:=F^^-mm
<2>
displ Q := G mm
load£) :=D^'^kN displ j^ := D^^^ mm load ^ := H^'^kN displ ^ := H^^-mm
245
Generate a plot of load (kN) versus displacement (mm) tor load rate 3 (1 .00 mm/sec):

















A = 32-5-a (8)
B = 32-5-b(9)
C = 32-5-0(10)
Maximum load (kN) and displacement (mm):
maxAoad^) = 44.455 'kN
max(loa(JB) = 43.918 -kN
max (load








Generate a plot of load (kN) versus displacement (mm) for load rate 4 (2.50 mm/sec).






Maximum load (kN) and displacement (mm):
max^loadg) = 33.268 'kN
max (load p) =45.921 -kN
max f load r.") = 44.846 -kN
V
g ='
max^displ g) =8.476 -mm
max(displp) =8.526 -mm
maxfdispl q) = 8.501 'mm
247
Calculate true stress and tme strain (assume incompressibility):




al a aLjA bz b tLA













^lE :=Lo -displE A^E








L,G =L -displQ iG
A -L" CSO.^ '"O.y
10
^iH, =L -displHno n
A L^ CSO„ '^Oe
iH.
L,iH,

























































Calculate the yield stress (MPa) and corresponding true strain:
^vAcalc ^=^(^^1200,0^^^ ,OMPa] a ^^ := max(o y^^^^) NumA^ := if/o ^^^ =^yA-^-0'
^
yBcalc^
'- ^(b^l^OO.a t^eB^-O^Pa) a ^3 := max(a yg^^^) NumB^ := if^o ^^^^=0 ^g .b.O
^ yCcalc^
-- ^(^^1200. a ^^eC^.OMPaj a
^^
:= max(o
y^caic) N""^C^ ^= ^^(^ trueC^=^ yC'^'O
^ yDcaJc^
^= if(d<1200.a ^^eD^'OMPa) c^ yo = "^(^ yDcalc) ^umD, = if(o ^^^^=a ^^A.O
^
vEcalc^
= if(e<l200.a ^.^^^O-M?,"^ a y^ := max(c y^^^^) NumE^ := if^o ^^^=c yg.e.o'
^
yFcalc^
^= if(f21200.a ^eF^'OMPa) a yp := max(a yp^^^) NumF^ := if^a ^^p=G yp.f.O
^
vGcalc^
= if(g^l200.a ^eG^'OMPa) <^ y<3 = max(o y^^^J NumG^ := if(a ^^^^^=0 ^.g.o'
^ yHcalc^
=
^(^^ 1^00. a ^eH^-O'MPa) o y^ = max(a y^.^J
NumH, := if(a
^^^^=0 y^.h.o'
SA'^injeA .. ^ Sb " "^ tnjeB ^^ ., ^ v-C '^ ^ irueC ,^ „, Sd '^ ^ irueD ,.. _^
ma;i(NumA) max(NumBl maxcNuniC^ ' maxfNumU)
SE'^^trueE ., ^^ Sf " ^ tnjcF ,.. _^ ^ ><} " ^ trueG _ „^ Sh = ^ trueH ^.,
mH)
249




— A = 32-5-3(8)
— B = 32-5-b(9)
— C = 32-5-c(10)
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield:
"^(^ tnieB) =0.86 max(G ^^^g) = 100.185 -MPa
™^(^ iruec) =0-858 max(a^S = 103.943 -MPa
0^=94.798 -MPa
































List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and tnje strain at yield:
^^'v^ir^ieEJ
=0-868 max(a j^g^j = 100.572 -MPa
™^'°
truep) = lO'^-907-MPa"^S^ir^eFj=0-86-l
"^^(^ tnjec) = 0-864 nm(a ^^^) = 102.739 -MPa










THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z := 1 .. 4 ORIGIN := 1
DIM ^ := READPRN(C0MP3B) SPEC ^ := 2
Lo, - (DIM^<'>)3p3^^.mm D
,^
:= (dIM ^<2>)3p^^^.mm
DIM B .= READPRN(COMP3B) SPEC g := 6
Lo, - (dim B^^lsPECe'^ D ,^ := (dim b^^)specb"^




")specc-"™ ^ 03 - (dim C^'^peCc"^
DIM D := READPRN(C0MP3B) SPEC j) := 13
^0, - (dim d"' %ec^-^ D ,^ := (dim d^")speCi,"-
Calculate the initial cross sectional area (mm^2): A „.q :=— /D








The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to





Note: Files A-D are only used for
tracking purposes. There is no relation
to the specimen position indicator. Analysis
slots not used read the default file
ICOLRITI.pm.
252




displ ys^ := A ^-mni
displ B := B mm
displ c := C mm
load]3:=D^'^kN <2 >displ £) := D mm
Look at matrices and calculate
number of data points:
a := 1 .. rows(A) d ;= 1 .. rows(D)
b := l..rows(B)
c - 1 ..rows(C)
Calculate true stress and tme strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
MPa:= 110 -Pa
lA =L -displ A Ay^
a 1 a a
A L^ cso "-"o
•iA




L,C =L -displ c
c 3 c
A L^ CSOj '- Oj
iC L;iC
LiD.-=Lo -displ D
A L" CSO. '^o.
4 4
iD. L,iD,












trueA ^=->"l ^1 ^trueB,"-l"-r











Calculate the yield stress (MPa) and corresponding tme strain:
^ yAcalc^
" if(a<1200,o ^^^^,OMPaj a y^ := max(o
^^^^J
NumA^ := if^o ^^^^'C y^,a,OJ
^ yBcalc^
- if(b^l200,o trueB^'OMPaj o yg := max(a yg^^^) NumB^ := if(c ^^^g^-a yg .b,OJ
<^ yCcalc^
-- if(c^l200,a ^^^^.O-MPaj a y^ := max(o yc^ajc) NumC^ := if^a trueC^-^ yC'^'O)
^ yDcalc^
^= if(d<1200,a ^^eD^.O-MPaj c y^^ := max(a yj^^^^) NumD^ := if|a ^^^^^-a ^^,6,0
^yA- ^trueA ^^ ^^ ^ yB
'" ^ trueB ^^ _^ ^ yC •" ^ trueC ,^, ^^ ^yD'"^trueD ,^. ^,' max(NumA) -^ max(NumB) ^ max(NuniC) ' max(NumD)
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A = 28-5-b (2); Load Rate = 0.01 mm/sec
B = 28-5-f(6): Load Raie = 0.10 mm/sec
C = 29-5-c (10); Load Rate = 1.00 mm/sec
D = 29-5-f (13); Load Rate = 2.50 mm/sec
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield:
"^(^ ituca) = 1-012 max(a ^^^) = 104.044 -MPa
^(^trueB) = l-01 max(a^^g)= 98.384 -MPa
= 1.013 max/a ^^^] = 97.772 -MPa
i^ trueo) =
1017 '^(^ trueo) = lO^'MPamax
a.,^ =62.089 -MPayA























Z:= ].. 8 ORIGIN := 1





































































NOTE: A detault value ot 1 with no trailing zeros is used as a place tiller for vector locations
which were not used.
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input test type: Double-Ramp Loading
Calculate total machine stroke (mm): Stroke













































































Select a butter size which is larger than
the number of data points !!
257
Data file information:
The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A := READPRN(IC3LR1T5) E := READPRN(IC3LR2T6) Note: Files A-H are only used for
,^,, ^ ^ ^ „^ ^^r.., ,^^, ^^^^ tracking purposes. There is no relation
B := READPRN(IC3LR1T6) F := READPRN(IC3LR2T7)
,^ ^^ ^^1^;^^^^^ ^^^^.^^ ^^^.^^^^ ^^.^^.^
C := READPRN(IC3LR1T7) G := READPRN(IC3LR2T8) Slots not used read the default file
ICOLRITI.pm.
D := READPRN(ICOLRITI) H := READPRN(IC3LR2T5)
Split matrix matrix into two vectors, load (kN) and displ (mm): kN = lOOOnewton
load^ := A^'^-kN displ^ := A^'^^-mm loadg := E^'^-kN displ g := E^^-mm
loadg := B^'^kN displ g := B^^mm loadp := F^'^-kN displ p := F^^^-mm
load(^ :=C^'^kN displ ^ := C^^-mm load^ := G^^^-kN displ q := G^^^-mm
loadj) :=D^'^kN displ ^ := D^^mm loadfj := H^'^kN displ ^ := H^^^-mm
Look at matrices and calculate
number of data points:
a = l..rows(A) e - 1 ..rows(E)
b := l..rows(B) f := l..rows(F)
c := 1 ..rows(C) g := 1 ..rows(G)
d:= l..rows(D) h := l..rows(H)
258
Generate a plot of load (kN) versus displacement (mm) lor load rate 1 (0.01 mm/sec):





C = 28-5-c (3)
Maximum load (kN) and displacement (mm):
max (load
^) = 50.904 -kN
max^loadg) =51.93-kN





Generate a plot of load (kN) versus displacement (mm) tor load rate 2 (0.10 mm/sec):












— E = 28-5-6(5)
— F=28-5-f(6)
— G = 28-5-g (7)
— H = 30-5-G(21)
Maximum load (kN) and displacement (mm):
maxTloadg) = 49.976 -kN
max (load p) = 49.78 -kN
max (load q) = 50.708 -kN
max(loadH) =48.852'kN
max(displ£) =9.222 'mm
max(displp) =9. 122 'mm
max(displ q) = 9.893 'mm
max(displ ^ =9.719*mm
260
Calculate tnje stress and true strain (assume incompressibiiity):
Calculate instantaneous length (mm) and cross sectional area (mm'^2):






LiA :=Lo -displ^ A^^ .=—
-
J 1 a 1 L lA




L,c =Lo -displc iC
A L^ CSO3 "-0^
Mc
















10 no h iH,
A -L
iH.






































Calculate the yield stress (MPa) and corresponding tme strain:
^ yAcalc^
-- if(^^1^00-^ trueA^'O-MP^) ^ yA ^= "^(^ yAcaJc) ^""^a - ^(^ tr;.eA^=^ yA'^-O'
^ yBcalc^
= ^(b^l^OO.a ^eB^'OMPa) ^
^g
:= max(a
^g^^^) NumB^ := if(c j^^B^=a yg .b.O
^ yCca]c^
^= if(c<1200.o j^eC^.O-MPaj a
^^
- max(a
y^caic) NumC^ := if^o ^^^^=0 ^^.cO
^ yDcaJc^
^= if (d< 1200. a ^^eD^'O-MPa) ^ ^^ - nm(a y^^^^) NumD, = if(a ^^^^=0 y^^.d.O
^
vEcalc^
= if(e< 1200.a ^r^^eE^.OMPaj a y^ := ma.x(a y^^^^) NumE^ := if^a ^^^^=0 y^.e.O
^
vFcalc^
^= if(f^l200,a ^eF^'OMPa) a yp := max(a yp^^^) NumF,:= if^a ^^p = a ypJ.O
^
vGcalc^




-^(h^l200.a^^„ ,0-MPa] a y^ := nm(a y^,^^) NumH^ := if/a ^^H =a y^.h.O
^yA^'^irueA ^^, ^ ^ vB '^ "^ tnjeB ,^ „, ^ yC '" ^ injeC _ ^, ^ vD " ^ mjeD ,,. ^^
-' max(NumA) ' miX(NuniB) ^ max(NuniC^ ' max(NumD)
SE^'^irueE ,^ _, ^ yF '= ^ tnjcF ^^ _^ ^ yG '^ ^ trueC ,^, ^, ^ vH " ^ trueH ,., ,,,
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"^(^ iruec) = 101^ "^(° iniec) =99.966 -MPa
o . = 60.483 -MPa





E ^ = 0.062
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E = 28-5-e (5)
F = 28-5-f(6)
G = 28-5-g (7)
H = 30-5-g(21)
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield:
"^'^trueEJ= 1-007 "^'^tnjeEJ =99.44-MPa
"^(^iniep) =1-01 "^(^mjep) =98.384-MPa
"^(^ iniec) = 1008 max(o ^^^) = 100.367 -MPa
"^(^ irueH) = 1-013 nm(o ^J^ =97.047 -MPa
G^£= 74.038
-MPa
G p = 74.187-MPa

















/--]..¥, ORIGIN ^ 1
SPEC := Lp := (dIM^'^)spec^^ j^mm

























D„ := (dIM*^-^)spec, ,,mm
0, ^ ' (z.n











































NOTE: A default value ot 1 with no trailing zeros is used as a place filler for vector locations
which were not used.
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Assume tme strain, calculate final specimen length (mm);






















Input test type: Double-Ramp Loading
Calculate total machine stroke (mm): Stroke jqj := 2- Stroke^




























































Hz NBR data Freq data '^^^ tot NBR data
Select a butter size which is larger than











The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A := READPRN(IC3LR3T4) E := READPRN(IC3LR4T5) Note: Files A-H are only used tor
, ,, ^,^. ^ „^ ^ , , ,^ ^ tracking purposes. There is no relation
B = READPRN(IC3LR3T5) F := READPRN(IC3LR4T6)
,^ ^^ ^^^.^^^ p^^,.^^ .^^.^^^^ ^^.^^.^
C := READPRN(IC3LR3T6) G := READPRN(IC3LR4T7) slots not used read the default file
ICOLRITI.pm.
D = READPRN(ICOLRITI) H = READPRN(ICOLRITI)
Split matrix matrix into two vectors, load (kN) and displ (mm): kN := lOOOnewton
load^ := A^'^-kN
loadB=B^^^kN
displ y^ := A mm load £ := E kN
displ^ :=C^^mm load^ := G^' ^-kN
Look at matrices and calculate
number of data points:
a •= 1 .. rows(A) e := 1 .. rows(E)
b:= l..rows(B) f := l..rows(F)
c=l..rows(C) g := 1 ..rows(G)
d := l..rows(D) h := l..rows(H)
,. , T-<2>
displ £ = E mm
displg := B'^^mm loadp := F^^ ^-kN displ p := F^^^-mm
displ (3
= G -mm
loadj) = D'^'^-kN displ ^ := D^^-mm loadj^ = H^'^-kN displ ^ = H^^-mm
267
Generate a plot of load (kN) versus displacement (mm) for load rate 3 (1 .00 mm/sec):
Load limit; max(load) < 100 kN
4 6
DISPLACEMENT (mm)
A = 29-5-a (8)
B = 29-5-b (9)
C=29-5-c(10)
Maximum load (kN) and displacement (mm):
max(load;5^) =44.944 'kN
max (load g) = 47.386 -kN
max (load (-) = 49.145 -kN
max(displ^^ =9.047 -mm
max(displ g) = 9.47 'mm
max(displ q) =9.47 'mm
268
Generate a plot ot load (kN) versus displacement (mm) for load rate 4 (2.50 mm/sec);















Maximum load (kN) and displacement (mm):
maxhoadgj = 44.797 'kN
max(loadp) = 50.415 -kN
max^displ g) =9.743 'mm
max^displ p] =9.818 'mm
maxfload q) =46.849-kN max^displ A =9.669-inm
269
Calculate true stress and tme strain (assume incompressibiiity):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
MPa = 1 10 -Pa



















L-iE =Lo -<^'splE AiE :=
e 5 e e L
A L" CSO, ^Oj
lE
LiF/=L -displp10 I





LiG --^o.-displG Ajc :=—
-
e ' g e L IG no n A:iH.
A -L^ CSOo Oc
iH.













































Calculate the yield stress (MPa) and corresponding true strain:
° yAcalc^
-- ^(^^1200-^ trueA;"MPa) a ^^ := max(a y^^^^) NumA^ := if^a ^^^^=a y^.a.o'
^
yBcoic^
- ^(b^l200,a ^eB^'O-MPa) a yg := nm(a yg^^^) NumB^ := if(o ^^3^=0 yg .b.O
^ yCcalc^
- ^(^^l^OO-^ trueC^'OMPaj a y^ - ma.x(o y^,^^) NumC^ .= if^a ^^^^=0 y^.c.O
^ yDcalc^




if(e< 1200.G ^eE^-O-^^P^) ^ yE ^= "^"^(^ yEcalc) ^""^e ^= ^^(^ tr^jeE^=^ yE'^'O
<^ yFcaJc/= if(f^l200.a ^eF^'O-MPaj c ^^- max^a yp^^J NumF^:= if^a ^^p=a yp.f.O
"^vGcoJc
=^(g^l200.a^^(3.0-MPa] a ^ - max(a y^^^) NumG^ := if[a ^^^ =a ^.g.O
^yHcaJc^^-y-^-0"-<^tnieH^-0-^^P^) ^ yH ^= "^(^ yHcolcj ^""^h ^= '^(^ trueH^=<^ yH'^-O
^yA^'^irueA ,.. ^. ^ vB
'^
'^ trueB ... ., ^ yC '^ ^ trueC ,^ ^, ^ vD
'^ ^ trueD ,^ ^^•' miX(NumA) nvax(NumB) ^ rruufNuniC^ ' mx\(NumD)
SE^^trueE
, , . _,
^ yF ^ ^ tnjcF ,^ _. ^ yG '^ ^ trueG ,^ ^, ^ vH '^ ^ trueH ,., .,,maxf NunvE) max(iNumr) fiux(NumG) " mix(Numi-I)
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A = 29-5-a (8)
B = 28-5-b (9)
C=28-5-c(10) -
0.8 1.2
List maximum tme strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield:
"^(^trueA) =1-01 "^(^irueA) =88.95 -MPa
"^(^ tnicB) = 1012 max(a ^^^ =94.066 -MPa







E ^ = 0.066
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List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield:
™-^(^ trueE) = 101^ ^^(^ trueE) =92.802.MPa
"^^(^ miep) = 1-017 ma.x(a ^^p) = 100-MPa
= 94.208 -MPa
^M^mjeG = 1.012 rTu.x(a^^c
o.,c =92.802 -MPa
a.











THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z ;= 1 .. 4 ORIGIN := 1
DIM A = READPRN(C0MP4) SPEC ^ := 2
Lo, :- (DIM/'>),p^^^-mm D ,^ := {dJM ^<'%^^^mm




DIM Q := READPRN(C0MP4) SPEC (2=9
L,^:=(dIM <1> mm D„ := (DIM
c ^30,
• V--'C ysPEC^"""" ^0,-r""C /SPEC,
<2>
•mm
DIM £, := READPRN(C0MP4) SPEC ^^ := 18
DIM <l>D /spec mm D^ := DIM D jsPECo"^
7: , >'
Calculate the Initial cross sectional area (mm^2): A „„„ :=
—
[D „ r








The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transtered to





Note: Files A-D are only used for
tracking purposes. There is no relation
to the specimen position indicator. Analysis
slots not used read the default file
ICOLRITI.pm.
274
Split matrix matrix into two vectors, load (kN) and displ (mm): kN = lOOOnewton
load^ := A'^'^kN displ ^ := A'^^mm load^ := D*^' ^kN displj^ := D*^^mm
loadg := B'^'^kN displ g := B^^-mm
load^ :=C'^^^kN displ ^ := C*^^-mm
Look at matrices and calculate
number of data points:
a := 1 ..rows(A) d := 1 ..rows(D)
b := l..rows(B)
c := l..rows(C)
Calculate true stress and true strain (assume incompressibility): ^ .„ , , ^6 r,MPa:= 110 Pa
Calculate instantaneous length (mm) and cross sectional area (mm^2):
A L A L
"^ CSOj Oj ^ cso^ O2
LiA =^0 -^Spl^ A^^ := LjB :=L- displ B A ^ .=al a aLjA bz b bLjg
a b
A L A I^ CSOj "^ Oj ^ CSO^ ^ 0^
L,C =L -displ c Ajc :=
—
r^ LjH :=L- displ n A ^n :=
—
c3 c c L :q a 4 a dLjj-)
c d
Calculate true stress (MPa) and true strain:
load
^




^ irueA " "T ^ trueB^ '^ "7 ^ trueC '' ~7 ^ trueD, " "7








\ °2/ ^ \ °3/ \ O4
275
Calculate the yield stress (MPa) and corresponding true strain:
^ yAcalc^
= if(a<1200.a t^eA^.OMPaj a ^^ := max(a y^^^^) NumA^ := ii(c ^^^^'C y^.a.o'
^ yBcalc^
- if(b^l200,o ^^^g^.O-MPaj o yg := max(a yg^^^) NumB^ := if(o ^^g^-a yg ,b,OJ
^ yCcalc^
-- if(c^l200,o ^^ueC^'O-MPa) cr y^ := max(o yc^ajc) NumC^ := if^a ^^j-c yC,c,OJ
^ yDcalc^
^= if(d<1200,o u^eD^^OMPaj o yj^ := max(a y^,^^) NumD, := if^a ^^^-c yD.d,OJ
^yA'-^trueA ,^ ^, ^ yB
"
^ trueB .^ _^ ^yC'^^trueC ,^, ^, ^ yD '" ^ trueD ^^, ^^^ max(NumA) ' max(NumB) •' nux(NumC) ' max(NumD)
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Generate a plot of toje stress (MPa) versus true strain lor 25% 8084 / 75% 1080 at various load rates:
0.6 0.8
TRUE STRAIN
A = 14-3-b (2); Load Rale = 0.01 mm/sec
B = l4-3-f(6); Load Rate = 0.10 mm/sec
C = 16-3-b (9); Load Rate = 1.00 mm/sec
D = 17-3-d (18): Load Rate = 2.50 mm/sec























SPEC = Lp •= (dIM*^' ^)sPEC(z.n mm Do = (dIM^-^)spec(z,l) mm

































































NOTE: A default value ot 1 with no trailing zeros is used as a place filler for vector locations
which were not used.
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Stroke := Lj- - L^
'
z z










Input test type: Double-Ramp Loading
Calculate total machine stroke (mm): Stroke jq, = 2- Stroke

























































Hz NBR data. Freq data •ume tot. NBR data
Select a buffer size which is larger than











The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A := READPRN(IC4LR1T1) E := READPRN(1C4LR2T1) Note: Files A-H are only used for
^ „^ „ ,,^.,^^rr.^, tracking purposes. There is no relation
B := READPRN(1C4LR1T2) F := READPRN(IC4LR2T2)
^^ ^^ ^^;;^^ ^^^.^^ .^^.^^^^ ^^^^^^.^
C - READPRN(IC4LR1T3) G := READPRN( IC4LR2T3) slots not used read the default file
ICOLRITI.pm.
D := READPRN(ICOLRITI) H := READPRN(ICOLRITI)
Split matrix matrix into two vectors, load (kN) and displ (mm): kN := lOOOnewton
loadys^ := A*^'^-kN displ ^ := A^^-mm load £ := E^'^-kN displ £:= E^^-mm
loadg :=B^'^'kN displ g := B*^^-mm loadp := F^^^-kN displ p:=F^^ mm
load(-:=C^'^kN displ(- := C'^^-mm loadQ := G*^^^-kN displ q := G*^^-mm
loadj) :=D^'^-kN displ ^ := D^^^-mm load^ := H^^^-kN displ ^ := H*^^-mm
Look at matrices and calculate
number of data points:
a := 1 .. rows(A) e - 1 .. rows(E)
b •= 1 ..rows(B) f := 1 ..rows(F)
c := 1 ..rows(C) g := 1 ..rows(G)
d:= l..rows(D) h:= l..rows(H)
280
Generate a plot of load (kN) versus displacement (mm) for load rate 1 (0.01 mm/sec):
Load limit: max(load) < 100 kN
DISPLACEMENT (mm)
A= 14-3-a(l)
B = 14-3-b (2)
C= 14-3-c(3)
Maximum load (kN) and displacement (mm):
max (load
^) = 50.024 -kN
maxfloadg) =54.714-kN
maxAoadr-'l = 55.447 -kN
V C)=55.^
maxfdispl ^] = 10.986'mm
max^displ g) = 10.638 'inin
max^displ q) = 11.384Tnm
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Generate a plot of load (kN) versus displacement (mm) for load rate 2 (0.10 mm/sec):

























Maximum load (kN) and displacement (mm):
max^loadg) = 53.835 -kN
max (load p) = 53.444 -kN
max(loadQ) = 59.99 -kN
maxfdisplg) =11.185Tnin
max^displ p) = 10.862 •mm
maxfdispl q\ = 11.21 -mm
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Calculate true stress and tme strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
MPa:= 110 -Pa
a 1 a a L
:
A L^ CSOj ^0,
iA
L^^:=L,^-displB^ A^^-—^
A L^ CSO, '^ 0,
iB,
^iC ^=^0 -displc Ajc
A -L^ CSOj ^ O3
L:iC
LiD/=L -dispin A^n :=—
—
4 d a L i
A L










LiG ^=Lo -displQ AjG =—
r
g 7 g g J-iG
^iH -=^0 -<^splono n iH,
A -L
iH,
Calculate true stress (MPa) and true strain:
load load load, load
trueA A trueB





























Calculate the yield stress (MPa) and corresponding true strain:
^
yAcaJc^
- ^^(^^^200,0 j^eA^'OMPaj a ^^ := max(a
^^^^J
NumA^ := if(o ^^^^^=o y^,a,OJ
^
yBcalc^




- if(c^600.a tr^eC^'O-^P^) ° yC ^= °^(^ yCcalc) ^umC^ := if^a ^^q^^^ yc^o,6
^ yDcalc^ ^=
if(d<1200,a ^^eD^'O'^P^) -^ yD ^= "^(^ yDcalc) NumDj ^= ^(^ trueO/^ yD'^'OJ
^
yEcalc^




^^eF^'O-^IPa) a yp := max(o yp^^J
NumF^ := if^a ^^p^=a yp,f,OJ
^ yGcalc^
^= if(g^600.a t^eG^-O'^P^) ^ ><3 ^= ^(^ yGcalc) NumG^ := if^o ^^^q^-o ^,g.OJ
^
vHcalc,
^= if(h^l200,a ^^^o ,OMPa] a y^ := max (a y^,^^) NumH^ := if(a ^^^„ -a y^.h.O
^yA'^trueA
_ ^,
^ yB '^ ^ trueB ^^ j,. ^ yC
'
^ trueC ,., _, ^ yD " ^ trueD ,^. ^,^ maxfSumA^ -^ rrux(NumB) ' max(NumC) ' nux(NuniD)
SE'^irueE ^^ „^ ^F " ^ trueF ^.. _. ^ yG '^ ^ trueC ,^ _, ^ yH " ^ trueH ,^ „^•^ maxTNumE) -^ max(NuniF) •' max(NumG) ' max(NumH)
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— B = 14-3-b (2)
— C= 14-3-c(3)
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield:
^(^ tnieA) = 1-209 max(a ^^^^) =80.979-MPa
"^(^trueB) =1-216 ^{<^ ^ru^BJ =85.539-MPa
"^(^tiuec) =1-216 niax(a^^c) =86.435-MPa
o ^ = 22.43 -MPa
o..T> =22.46 -MPayB






























List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield:
"^(^trueE) =1-22 "^(<'tnieE) =83.298-MPa
"^(^ tniep) = 1-222 max(a ^^^pj =82.846-MPa
°^(^ trueo) = 1-244 max(c ^^^q) =90.472'MPa
Og =28.342 -MPa






Select specimens to be used:
DIM := READPRN(C0MP4)
z:= 1, ORIGIN := 1
SPEC := Lq := (dZM"^' ^)sPEC^^ j^min D q = (dIM'^^^)spec^^ j^-mm
































































NOTE; A default value of 1 with no trailing zeros is used as a place filler for vector locations
which were not used.
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Assume tme strain, calculate final specimen length (mm):










Input test type: Double-Ramp Loading
Calculate total machine stroke (mm): Stroke
^q,
:= 2- Stroke^






























































Hz NBR data := Freq data •ame tot NBR
Select a buffer size which is larger than














The data file was created on the directory: D:\f\/IIKEDAT1 (on 1 .307 hard drive), transfered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A :=READPRN(IC4LR3T1) E = READPRN(IC4LR4T1) Note: Files A-H are only used for
_ „_ ,^ . ^ ^ tracking purposes. There is no relation
B = READPRN(IC4LR3T2) F := READPRN(IC4LR4T2)
^^ ^^ ^^^^^^ ^^^^.^^ .^^.^^^^ ^^^^^.^
C = READPRN(IC4LR3T3) G = READPRN(IC4LR4T3) slots not used read the default file
ICOLRITl.pm.
D := READPRN(IC4LR3T4) H := READPRN(IC4LR4T4)




displ y^ •= A mm loadE:=E*^^^-kN displ £ = E mm
loadg := ""'-k displ g := B*^^-mm loadp := F^'^-kN displ p := F^^mm
load(;^ ^C'^'^kN displ (-:= C"^^-mm load^ := G*^' ^-kN displ q := G^^-mm
loadi;) :=D*^'^-kN displ p := D*^^ mm loadp^ := H^^ ^kN displ h:=H*^^ mm
Look at matrices and calculate
number of data points:
a := 1 ..rows(A) e := I ..rows(E)
b = l..rows(B) f := l..rows(F)
c=l..rows(C) g := 1 ..rows(G)
d = l..rows(D) h = l..rows(H)
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Generate a plot of load (kN) versus displacement (mm) for load rate 3 (1 .00 mm/sec);













A = 16-3-a (8)
B = 16-3-b (9)
C= 16-3-c(10)
D= 17-3-b(16)
Maximum load (kN) and displacement (mm):
max (load
^) = 45.872 -kN
max^loadg) = 56.913 -kN
max (load (3) = 65.804 -kN
max (load £)j = 55.984 -kN
max(displ ^ = 10.862*mm
max(displ g) = 10.862 -mm
max(displ A = 11.061 'mm
max(displ j-j) = 10.912*mm
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Generate a plot of load (kN) versus displacement (mm) tor load rate 4 (2.50 mm/sec);






Maximum load (kN) and displacement (mm):
inax(load£) =60.918-kN
max (load p) = 60.43 -kN
max (load q) = 58.525 -kN
max (load h) = 57.206 -kN
max(displ g)
max(displ p) = 11.26 'mm
max(displ q)





Calculate true stress and true strain (assume Incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mrT>^2):
MPa:= 110 -Pa
'^ CSOj'^Oj
LiA ^=Lo -displ^ A^;^ :=— LjB :=L -displg A jgal a aL:A bZ b tiA
A -L
iB.
A L^ CSO3 ^ Oj
LiC -=^0 -displc A,c =—
c 3 c c L^Q d 4 d d L
A L^ CSO . ^ .
4 4
iD,
A L^ CSO, ^Oj
LiE ^=1-0 -displg A£ :=
e 5 e e L ;n ^iF
-=^0 -displp A jp






A -L^ CSOc Oc
^iG =L -displG AjG :=— LiH :=L -displH A j^g7 g g Lin, h8 h h L;iH.
Calculate true stress (MPa) and true strain:
load load
trueA A













































Calculate the yield stress (MPa) and corresponding true strain:
^ yAcaJc^
-- if(a^l200.o t^eA^'O^Pa) a ^^ := max(a y^^^J
NumA^ := if^a ^^^^-a y^.a.OJ
^
yBcalc^
^= if(b<1200.a ^,^^,0^?^"^ o ^^ -- max(a ^g^^^) NumB^ := if(o ^^^^:^G yg .b.OJ
^
yCcalc^
^= if(c<600,a t^eC^'0-MPaj c^-- max(a y^^^^) NumC^ := if^c trueC^=^ yC'^-^j
^
yDcalc^
^= if|cl<1200,a ^.^^.OM?^"^ c
^^
-- max(a
y^^^^^) NumD^ := m(c ^^p^«a y^.d.OJ
^
yEcalc^





^= if(f^l200,a t^eF^'O^^P^) a yp := max(a yp^^^) NumF, := if^o ^^p=o ypj.oj
^ yGcalc^ ^=
if(g^600.a
^.o^'^''^^^) ^ ><3 " "^(^ yGcalc) ^^^^g '- ^(^ trueG^=^ ><J-g-0)
^ yHcalc^
^= if(h<1200.a j^eH^'O^Pa) a y^ := max(a y^,^^) NumH^ := if^o ^^^^^-0 yH.h.OJ
^yA^^trueA ,^. ,, ^ vB " ^ trueB ,.. p. ^ yC '^ ^ irueC ,^ „. ^ yD '^ ^ irueD ^^ ^^^ maxfSumA) nux(>umB) max{NumC) -^ max(NumD)
SE'^trueE ,^ ^, ^F " ^ "^eF _ _^ ^ ><} '^ ^ trueG ,^. _, ^ yH '^ ^ irueH ,^ „^nuxfNumEl -^ maxfNumF) -^ rrux(NumG) ' max(NuniH)
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List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and tme strain at yield:
"^(^trueA) =1-147 max (a ^^^^j =76.723 -MPa
"^(^ trues) =1-211 "^(^trueB) =89.4-MPa
"^(^tnjec) = 1-258 "^(^mjec) =97.545 -MPa
"^(^trueD)= 1-217 max (a ^^^j^) =87.1 16 -MPa
a . =50.147-MPa
a g =49.394 'MPa
0^=49.004 -MPa
a jj= 50.8 18 -MPa
ey^= 0.064
eyg= 0.066
e ^ = 0.063
eyD= 0.066
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List maximum true strain obtained and con-esponding stress (MPa), yield stress (MPa) and tnje strain at yield:
"^(^tnieE)=9536-MPamax(
"^^(^irueF) = 1-21^ "^(^ truep) =94.333-MPa
maxfK'trueG) = l-15 max(a^^(3j] =91.305 -MPa
"^(^ trueH) = 1-215 max(a ^^^ = 89.032 -MPa
a ^=60. 246-MPa
CT.













THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z:=l.. 3 ORIGIN :=1
DIMy^ :=READPRN(C0MP5) SPEC^:=1
L„ :=(dIMa^'^) -mm D^ := (dIM a'^^^)^
Oj \ A y SPEC A °1 ^ ''










DIM Q : = READPRN( C0MP5 SPEC ^ : = 6
L„
-foiMr'^'^) mm D„ ;=(dIMp^^)__ -mmO3 \ <- /SPECc °3 \ ^ J SPEC c












The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A := READPRNC IC5LR1T1)
B := READPRNC IC5LR2T1)
C := READPRNC IC5LR3T1)
Note: Files A-E are only used for
tracking purposes. There is no relation
to the specimen position indicator.
Analysis slots not used read the default file
IC0LR1T1.pm.
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displ a'= A -mm
<2>
loadg :=B kN displ g:=B mm
loadc:=C'^^^-kN
<2>
displ Q =C mm
Look at matrices and calculate
number of data points:
a := 1 .. rows(A)
b :=l..rows(B)
c := 1 ..rows(C)
Calculate true stress and true strain (assume incompressibilrty):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
LiA = ^0- displ A A^ : =













A T" CSO '^
iB.





















Calculate the yield stress (MPa) and corresponding true strain:
<^ yAcalc^
'= if(a<1200,a t^^A^OMPaj a y^ :=max(o y^caic) NumA^ := if|a ^^a^G y^.a.OJ
o yBcalc^ := if|b<1200.o ^^B^.O-MPaj o yg :=max(o yg^^^) NumB^^ :=if/a ,nieB^"^ yB-^-OJ
«^yCcalc^ ="(^-1200,0 t^eC;<^-^^) ^ >C ^="^^(<^ yCcalc) N""^^^ =if(«J trueC^"^ yC'^-O)
:=EyA"*^ trueA ^, ^yB~^ trueB ^, „^ ^yC'^trueC „ ^max(NumA) max(NumB) max(NumC)
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0.2 0.4 0.6 0.8
TRUE STRAIN
— A = 15-3-a(l); Load Rate = 0.01 mm/sec
— B = 15-3-c (3); Load Rate = 0.10 mm/sec
— C = 15-3-f (6); Load Rate = 1 .00 mm/sec
1.2 1.4 1.6
List maximum true strain obtained and corresponding stress (MPa), the yield stress
could not be defined:
"^(^tRjeA) =1-529 max(otrueA) =60.495-MPa




"^^^trueC = 73.66 'MPa
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z:= 1..: ORIGIN := 1
SPEC := Lq :=(dIM'^^^)spec mm D^ := (dIM^'^^)spec^^ j^-mm


































































NOTE: A default value of 1 with no trailing zeros is used as a place filler for vector locations
which were not used.
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Input test type: Double-Ramp Loading
Calculate total machine stroke (mm): Stroke






























































Hz NBR data := Freq data •ume tot NBR data
Select a buffer size which is larger than











The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transtered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A := READPRN(IC5LR1T1) E := READPRN(1C5LR3T1) Note: Files A-H are only used for
tracking purposes. There is no relation
B = READPRN(IC5LR1T2) F := READPRN(IC5LR3T2)
^^ ^^ ^^i;;;'^^ ^^^.^^ .^^^.^^^^ ^^^^^.^
C := READPRN(IC5LR2T1) G := READPRN(ICOLRITI) slots not used read the default file
ICOLRITl.pm.
D := READPRN(IC5LR2T2) H = READPRN(ICOLRITI)
Split matrix matrix into two vectors, load (kN) and displ (mm): kN := lOOOnewton
load^ := A^'^kN displ^ := A^^^mm loadg := E*^^^-kN displ £:= E*^^-mm
loadg = B*^'^kN displ g := B*^^-mm load p := F^^ ^-kN displ p:=F^^-mm
Ioad(3=C^'^kN displ^ := C^^mm loadQ := G^^^-kN displ q := G*^^-mm
loadQ := D^'^kN displ q = D^^^-mm load j^ := H^^^-kN displ ^ = H^^^-mm
Look at matrices and calculate
number of data points:
a = 1 ..rows(A) e := 1 ..rows(E)
b := l..rows(B) f := l..rows(F)
c := 1 .. rows(C) g := 1 ..rows(G)
d = l..rows(D) h:= l..rows(H)
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Generate a plot of load (kN) versus displacement (mm) for load rate 1 (0.01 mm/sec):





















B = 15-3-b (2)
Maximum load (kN) and displacement (mm):
max (load
^] =53.981 -kN
max (load b) = 54.03 'kN
inax(displ A = 11.633 'mm
max(displ g) = 12.527 -mm
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Generate a plot of load (kN) versus displacement (mm) for load rate 2 (0.10 mm/sec);









D = 15-3-e (5)
Maximum load (kN) and displacement (mm):
max^load^--^ = 56.033 "kN max^displ (-^] =12.403 •mm
max^load y)) =61.1 14*kN max^displ q) = 12.478'mm
303
Generate a plot of load (kN) versus displacement (mm) tor load rate 3 (1 .00 mm/sec):





Maximum load (kN) and displacement (mm):
max^loadg) = 63.898
-kN max((iispl£) =12.403 '111111
max (load p) = 66.487 -kN niax(displ p) = 12.875mm
3(M
Calculate true stress and tme strain (assume incompressibiiity):
Calculate Instantaneous lerigth (mm) and cross sectional area (mm^2):
MPa:= 110 -Pa




^-iB^=L -displg AjB :=—
—
O i O L. :iB,
A L^ CSOj ^ Oj
^iC -=^0 -displc A,c :=
—

















L:H,-L,^-d:splH^ ^ iH, ^=
"T iH.
Calculate true stress (MPa) and true strain:







































Calculate the yield stress (MPa) and corresponding true strain:
^
yAcalc^
- if(^^1200.a ^^;,^,0-U^^^ a
^^
- max(a y^^^^) NumA^ := if^a ^^^^.a ^^.a.o'
^yBca]c^^= ^(^-^200,0 ^^B^.OMPaJ a ^^ - max(a y^^^^) NumB, := if^o ^^B^^a yg .b.OJ
^
yCcalc^
-- ^[^^^00,c ^^eC^'0-MPaj a y^ - max(a y^,^^) NumC^ := if^a ^^^^^=0 ^.c.OJ
^
yDcalc^
" if(d<1200.a tnaeD^.OMPaj a y^^ := max(a ^^^^^) NumD^ := if^a ^^^^=a y^^.d.O
^
yEcalc^
^= if(e<1200,a ^.t^^^O-MPz^j g y^ := max(a y^^^^) NumE^ := if(o ^^^^=0 y^.e.o'
^
yFcalc^
^= if(f^l200.a ^.^^^O-MP.'j o yp := max(a yp^^J
NumF^ := if(a ^^p^=a yp.f.O
^
yGcalc^
^= if(g^600.a ^^q^^O-MP^'j a ^ := niax(c y^^^^) NumG^ := if(c ^^^^^g y^.g.O
^
yHcalc^
" if(h<l200,a t^eH^'O^Paj a y^ -- max(a y^^^^) NumH, ;= if(c ^^^^^o yH.h.O
^yA-^^tnjeA ^.. ^, ^ yB '^ ^ trueB ,.. „. ^ yC '^ ^ irueC ,^ „, ^ yD '' ^ trueD ,^. ^,
SE^^trueE ,^ _, ^ yF '^ ^ trueF ,.. _^ ^yG'^^tajeG ,^ ^, ^ yH = ^ trueH ,,, ^,niM(NuinE) ^ maA(NumF) -^ max(NumG) ' mM(NumH)
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B = 15-3-b (2)
List maximum true strain obtained and corresponding stress (MPa), no yield stress can be defined:
"^(^ inieA) = 1-529 niax(o ^^^) = 60.495 -MPa
"^(^trueB) = 1-523 max (a ^^^g) =61.325 -MPa
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D = 15-3-e (5)
0.4 0.6 0.8 1
TRUE STRAIN
1.2 1.4 1.6
List maximum true strain obtained and corresponding stress (MPa), no yield stress can be defined:
^(^mieC = 1.53 max(o ^^] =63. 194 'MPa
"^(^trueo) =1-541 max[c ^^^"j =67.635-MPa
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List maximum true strain obtained and corresponding stress (MPa), no yield stress can be defined:
^(^truen) =1-506 ^<^ ^^e) =73.66-MPa
"^^trueF =1-518 "^^^ trueF =75.32.MPa
309
MICHAEL ZIV
THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z- 1 .. 5 ORIGIN := 1
DIM ^ := READPRN(COMPIB) SPEC ^ := 3
Lo, = (dim A^'^)sPEC^-"™ ^^0, - (dim A^^)sPEC^-^
DIM B := READPRN(C0MP2B) SPEC n := 2B
DIM B„„_^ mm/SPECg D,^:=(dIMb<2%^ -mm'2 ^ " 'rcv-B -2
DIM c := READPRN(C0MP3B ) SPEC ^ := 2
L :=(DIMc<^>;3P^^^-mm
-.ADIMc^^>)spECc™
SPEC D := 2DIM p := READPRN(COMP4)
Lo, - (dim d"'")speCi,-- D ,^ := (dim D^'^-jsPECi,'
DIM £ := READPRN(C0MP5)
mm
SPEC E := 1
Lo,-(dIMe"'")speC."™ D := DIM <2> SPEC, •mm
Calculate the initial cross sectional area (mm^2): A
191.38
183.134







The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to






Note: Files A-E are only used for
tracking purposes. There is no relation
to the specimen position Indicator. Analysis
slots not used read the default file
ICOLRITI.pm.
310
Split matrix matrix into two vectors, load (kN) and displ (mm
displ^
kN := lOOOnewion
load^ := A^'^-kN A*^^^mm loadj) := D*^'^-kN displ q = D*^^-mm
loadg-B^'^kN displ g := B " mm
load(-;=C^^^-kN displ^ ;= C^^mm
Look at matrices and calculate
number of data points:
a := 1 ..rows(A) d := 1 ..rows(D)
b := l..rows(B) e := l..rows(E)
c := 1 ..rows(C)
loadgi^E^'^-kN displ £ = E '^ mm
Calculate true stress and tme strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
MPa:= 110 -Pa
LiA ^=L- displ A A^ :=—
-
a 1 a a L
A L^ CSOj ^Oj
iA
^iB -=^0- displ B AjB := —
b 2 b b i_ :
A I^ CSO^ O2
iB.
LiC =^0 -displc Ajc :=
c 3 c c L
A L^ CSOj ^ O3
iC
LiD '=^-0 -displD^ AiH :=
—
-
d 4 d d L
A L^ cso. '-'0.
4 4
iD,
•-lE =^0 -'^splE A£ :=
e 5 e e L
A I^ CSO, ""0,
iE





























Calculate the yield stress (MPa) and corresponding true strain:
^ yAcalc^
= if(a^l200.a u^eA^'O^Paj cr ^^ := rmx(o y^^^^) NumA^ = ii(o ^^^^^-o y^,a,0
«^
yBcalc^^
= if(b<1200,o ^eB^^'O^Paj o yg := max(o yg^^^) NumB^, := if^o trueB^"^ yB '^-O
^ yCca]c^ " if^c<1200,a ^^gC^,OMPaj o y^ - max(a yc^aic) NumC^ := if^o ^^q^'O ^x,0
^ yDcalc^
^^ if(d<1200,a trueD^-OMPa) c yj^ := max(a y^caic) NumD, := if^o ^^^^^0 y^.d.O
^ yEcalc^
^= if(e<1200,o ^^e^^OMP^'j a yg := inax(o y^^^^) NumE^ := if(c ^^^^'C y^.^o'






















r\ / 1,/ /






























1 / / u/ -^
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
TRL'E STRAIN
A = 34-4-c (3); Composition: 100% 8084 - 0% 1080
B = 31-5-b (2); Composuon: 759b 8084 - 25% 1080
C = 25-5-b (2); Composiuon: 50% 8084 - 50% 1080
D = 14-3-b (2); Composiuon: 25% 8084 - 75% 1080
E = 15-3-a (1): Composiuon: 0% 8084 - 100% 1080
1.1 1.2 1.3 1.4 1.5 1.6
'VA
'vC
The yield stress could not be defined for the 100% Crestomer 1080 sampk
Sa = 0.065
= 0.066
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield:
'^^^ in^eA) = 0-759 nm(o ^^^) = 1 10.58 -MPa
"^^(^tnjeB) =0-855 max(a ^^g) = l03.201.MPa
"^^(^ truec) = ^-01- "^^ truec) = lO'^-O'W-MP^
'^^(^ mjeD) = ^--16 "^^ tnieo) =85.539.MPa a y^ =22.46 -MPa










THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z := 1 .. 5 ORIGIN := 1
DIM A := READPRN(COMPIA) SPEC f^-=2A
Loj =(dIMa
.''%EC."- D :=(dIMa<^%^ -mm
DIM B := READPRN(C0MP2B) SPEC g := 6
L,^:=(DIMb
.^'^l^^^^ -mm D„ :=fySPECg 0^ V
DIM Q = READPRN(C0MP3B
)
SPEC ^ := 6
DIMb^'Jspecb'^
Loj-PIMC<i> SPEC, •mm D DIMc<^>)SPEC, •mm





D ^SPEC^'mm D DIM
<2>'\
D /SPECd"mm
DIM £ : = READPRN ( C0MP5
)
SPEC g := 3
L03-IDIME<i> SPEC •mm D :=(dIMe<^%^ •mm
Calculate the initial cross sectional area (mm^2): A
192.854
183.614







The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A := READPRN (IC1LR2T5)
B := READPRN (IC2LR2T4)
C := READPRN (IC3LR2T7)
D := READPRN (IC4LR2T2)
E := READPRN (IC5LR2T1)
Note: Files A-E are only used for
tracking purposes. There is no relation
to the specimen position indicator. Analysis
slots not used read the default file
ICOLRlTl.pm.
314
Split matrix matrix into two vectors, load (kN) and displ (mm): kN = 1000 newion
load^ := A*^'^kN displ ^ := A'^^mm load ^ := D*^' ^kN displ p := D*^^^-mm
loadB:=B*^'^kN displg :=B^^-mm loadg ;= E^' ^-kN displ g := E*^^-mm
load Q.^C'^^^kN displ (^ := C'^^^mm
Look at matrices and calculate
number of data points;
a:= l..rows(A) d := l..rows(D)
b := 1 .. rows(B) e := 1 .. rows(E)
c := 1 .. rows(C)
Calculate true stress and true strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
MPa:= 110 -Pa
LiA =Lo -displ^ Ay^ :=—
—
a 1 a a L
:
A L^ cso. '-Oj
iA
L iB^ '^Lq^- displ B^ AjB^
A L^ CSO^ 0-
LiB.
LjC =^0 -displ c
c 3 c
iC.
A L^ CSO, '-Oj
iC
L;
^A '^^0- ^SP^ D^ A iD,
=
Ta 4 d d L
A L^ CSO. ^0^
4 4
iD,
A L^ CSOj ^ Oj
LiE =L -displ E AjE :=
e 5 e e L jc































Calculate the yield stress (MPa) and corresponding true strain:
^ yAcalc^
= if(a^l200,a trueA^.OMPaj a ^^ :- max(o y^^^^) NumA^ := if^o j^eA^"^ yA'^'O)
^ yBcalc^
- if(b^ 1200,o trueB^^'OMPaj a ^g := nm(o y^^^^) NumB, := if(c ^^^g^-a yg ,b,OJ
«^ yCcalc^
^= if(c<1200.a t^eC^'O^Pa) <J yC ^ "^('^ yCcalc) NumC^ := if^o ^^^^'C y^^.cOJ
^ yDcalc^
- if(d^l200,o t^ueD^^OMPaj a yj^ := max(o yj^^^^) NumD, := if(c ^^^^'C yp,d,OJ
^^yEcalc
^= if(e^l200,o
^^^E ,OMPa] <J yE ^= niax(a y^^^j^) NumE^ := if[a ^^^E -o yg.e.O
^yA'^tnjeA ,^ ^, ^ yB " ^ irueB ^.. _^ ^ yC '" ^ tnieC ,^ „^ ^ yD " ^ trueD ,., _^^ max(NumA) -^ max(NumB) ' max(NumC) •' max(NumD)
^ yE " ^ trueE
NumE)
316




















f\. \ ,^ / A / f[



















_/-f-7 / /y /i, 1 / ^ --J-^
0,1 0.3 0.4 0,5 0.6 0.7 0.8 0.9 1
TRUE STRAIN
A = 27-4-c (24); Composition: 100% 8084 - 0% 1080
B = 3 1-5-f (6); Composuon: 75% 8084 - 25% 1080
C = 28-5-f (6); Composition: 50% 8084 - 50% 1080
D = 14-3-f (6); Composition: 25% 8084 - 75% 1080
E = 15-3-c (3); Composition: 0% 8084 - 100% 1080
1.1 1.2 1.3 1.4 1.5 1.6
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true strain at yield:
"^(^trueB)=0.86
max (a









a . =105.442 'MPa










The yield stress could not t)e defined for the 100% Crestomer 1080 sample
a ^=74. 187 -MPa
"^(^tnjeE^=l-53 max a
a j^= 30.551 -MPa
Ey^ =0.071
EyB =0.064




THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z = 1 .. 5 ORIGIN := 1
DIM ^ := READPRN(COMPIB) SPEC ^ := 5
Lo^ -H A^'IsPEC^"™ D ,^ := (dim a^")speC^-"^
DIM B := READPRN(C0MP2B) SPEC g := 8
Lo,-(dIMb<^^)speCb-"™ D,^:=(DIMB<^%^^^-mm




c^' >)specc-^ ^ 03 - (dim c'^'IspeCc "^
DIM
J)
:= READPRN(C0MP4) SPEC j) := 9
Lo, - (dim D^'^)speCd "™ D ,^ := (dim d^'^)spec^-"™
DIM E := READPRN(C0MP5) SPEC g := 6
Lo, - (dim e'^^^IspeCp"^ D := (dim e^%ec,^
Calculate the initial cross sectional area (mm^2): A
^^^









Ttie data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to






Note: Files A-E are only used for
tracking purposes. There is no relation
to the specimen position indicator. Analysis
slots not used read the default file
IGOLRITI.pm.
318
Split matrix matrix into two vectors, load (kN) and displ (mm): kN = lOOOnewion
load^ := A^^'^kN displ^ := A*^^^mm load £) = D'^'^kN displ £)= D^^-mm
loadg-B^'^kN displ g = B mm
load(- :=C*^'^kN displ (-;= C'^'^^-mm
Look at matrices and calculate
number of data points;
a:=l..rows(A) d := 1 ..rows(D)
b := 1 ..rows(B) e := 1 ..rows(E)
c := 1 ..rows(C)
load£:=E^'^kN <2 >displ E = E -mm
Calculate true stress and true strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
MPa:= 110 -Pa
LiA =Lo -displ^ Ay^
a 1 a
^iC =^-0 -^splc
A L^ CSO. ^0.










LiB, -Lo,- displ B^ AiB^:=
—
A T^ CSO2 0-
iB,
^iD '=^0 -^splp^ AjD =
A I^ CSO. ^0.
4 4
ID,





























Calculate the yield stress (MPa) and corresponding true strain:
^ yAcalc^
- if(a^l200.o ^^g^^,OMPaj o y^ := max(a
^^^^J
NumA^ := if^o ^^^^-o y^,a,OJ
^ yBcalc^
- ^(^^1200.0 trueB^'OMPaj a yg :- max(a y^^^J
NumB^, := if^o ^^g^-o yg ,b,OJ
a ^r-..,. := if/c<1200,a ,„.„r ,OMPa'l a ,^ := maxfo ^r.oi.") NumC := if/o ,„,^r^ -o ,^,c,o\yCcalc^ ^ ( t^eC^'O^Pa] ^ y^ - (0 yc^ajc) ^ ^ i^^eC^-^ jC'^'O)
yDcalc^
^= if(d<1200.a ^^eD^,OMPaj o yj^ := max(o y^,^^) NumD, := if||o ^^^^/^ yD-'l-O)
yEcalc^
^= if(e^l200,o ^rueE^'OMPaj o y^ := max(o y^^^^) NumE^ := if^a ^^^g^-a yE,e,OJ
^yA'^trueA ^^ ^^ ^ yB
'"
^ trueB ^.. _^ ^yC'^^trueC ,^, ^, ^yD'^trueD ^^, ^^•^ max(NumA) ^ max(NumB) ' iiiax(NuniC) "^ max(NumD)
^ yE " ^ trueE ^^, _^
320




















^ A \ / / '
Tv^^
^
\ y /i ••
^ >1 [/ 1 /I"^ '
/ Ly / / /






J_^ * / /
—
/ / / /
^ O Y_^y_ ^
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
TRUE STRAIN
— A = 22-4-d (11); Composibon: 100% 8084 - 0% 1080
— B = 32-5-a (8); Composuon: 75% 8084 - 25% 1080
— C = 29-5-b (9); Composiiion: 50% 8084 - 50% 1080
— D = 16-3-b (9); Composiuon: 25% 8084 - 75% 1080
— E = 15-3-f (6); Composiuon: 0% 8084 - 100% 1080
1.1 1.2 1.3 1.4 1.5 1.6
List maximum true strain obtained and corresponding stress (MPa), yield stress (I^Pa) and true strain at yield:
^H' tnieA) = 0-763 ma.x(a ^^^ = 1 17.63 -MPa
"^^(^tnieB) =0-862 max(a ^^g) = 101.544.MPa
= 1.012 max^a^^g^^) =94.066 -MPa
= 1.211 max(aj^^p)= 89.4 -MPa
^-^l^ truec)
^0^- "^^(^ truec) 'i-0 6-M
"^^(^trueE) = 1-^06 ^^{^ ^J) =73.66-MPa^e
The yield stress could not be defined for the 100% Crestomer 1080 sample
a y^ = 117.63 -MPa £^^=0.073
o g = 94.798 -MPa e ^g = 0.07
1
c^ =87.054 -MPa £^=0.067





THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z := 1 .. 5 ORIGIN = 1
DIM^ :=READPRN(COMPlB) SPEC^:=11
/SPEC •mm
SPEC 3:= 12DIM B := READPRN(COMP2B)
Lo, := (dim B^^^jspHCg-™" D ,^ := (dIM B^^)speCb-^
DIM Q := READPRN(C0MP3B) SPEC q := 13
L. :=(dIMc<-)SPECc-™" D„^:=[DIMc(dim «>) SPEC- •mm
DIM £) := READPRN(C0MP4) SPEC n := 18D
L„ := DIMd<l> SPEC •mm Dq := (DIM
<2>
D /speCd mm
















The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to






Note: Files A-E are only used for
tracking purposes. There is no relation
to the specimen position indicator. Analysis
slots not used read the default file
ICOLRITI.pm.
322
Split matrix matrix into two vectors, load (kN) and displ (mm): kN = lOOOnewton
load^ := A'^'^kN displ ^ := A'^^^mm load j^ := D*^' ^kN displ j^ = 0*^^111111
loadB:=B^'^-kN displg- B^^^mm load g := E*^^ ^-kN displ g := E*^^-mm
load(- :=C^'^kN displ ^ - C*^^-mm
Look at matrices and calculate
number of data points:
a := ] .. rows(A) d := 1 ..rows(D)
b := 1 ..rows(B) e := l..rows(E)
c := 1 ..rows(C)
Calculate true stress and true strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
MPa:= 110°Pa
LiA '-^o-^^PU A^a :=




LiB^ =^0 -^splg AjB := —




L,C =L -displ c Ajc =—r
c 3 c c L






d 4 d d L;
A L
"^ CSO . ^ .
4 4
iD,
A L" CSOj ^ 0^
^iE =L -displg A^ ;=
e 5 e e Ljc





























Calculate the yield stress (MPa) and corresponding true strain:
^
yAcalc^
- if(a^l200.o i^eA^'O-^Paj o y^ := max(o y^^^^) NumA^ := m(o j^^A^-a y^.a.O
<^yBcaIc^ =if(»'^1200,a^^B^,0MPaj o yg :=max(ayB^^^) NumB, := if^o ^^B^-a yg ,b,0
^
yCcalc^
-' if(c51200,c j^^c^,OMPaj o y^ - max(a y^,^^) NumC^ := if(c ^^^^-o y^.d
^ yDcalc^
" if(d<1200,a ^^^D^,OMPaj o
^^
-- max(a
yj^^^^) NumD, := if^a ^^^^-a yj),d,
^
yEcalc^





^ trueB ,^ _^ ^ yC '" ^ trueC ,., _^ ^ yD '" ^ trueD ,^, ^^^ max(NumA) -^ max(NumB) maxCNuniC) -^ maxfNumD)
^ yE
•''
^ tnieE ,^ _^^
max(NuinE)
324

















% \ // /\ / ]—
t^\ "^ ^.^^^ ll/
-y
/ / / \
\
\ 1-^ .
y / / '^
\
^ \ ^^^ I {/ /\
V UA / / i
















0.1 0.: 0.3 0.4 0.5 0.6 0.7 o.s 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
TRL'E STRAIN
— A = 35-4-d (11): Composiuon: 100% 8084 - 0% 1080
— B = 32-5-e (12); Composuon: 15% 8084 - 25% 1080
— C= 29-5-f( 13); Composiuon: 50% 8084 - 50% 1080
— D = 17-3-cl (18): Composiuon: 25% 8084 - 75% 1080
— E = 27-4-b (15): Composition; 0% 8084 - 100% 1080







^^gj = 104.907 -MPa
^^'.^trueC; = ^-017 ma.x a^^C =100-MPa
= 1.212
^H' tnieD ^i^micDJ^^''-^'^'^^^^
0^^ = 123.683 -MPa
o^g = 101.388 -MPa
a ^ =93.068 -MPa
^vD =58.77 -MPa
ma.xf a = 60.466 -MPa
V^ trueE;






































Note: The first column is the specimen
length and the second is the specimen
diameter.
File applies to specimen: 1 1 , 22, 23, 26
WRITEPRN(COMPIA) : = COMPIA
326
Specimen dimension data file #1 (100% Derakane 8084 / % Crestomer 1080) ORIGIN := 1
Note: The first column is the specimen
length and the second is the specimen
diameter.






















WRITEPRN( COMPIB) := COMPIB
327






















Note: The first column lis the specimen
length and the second is the specimen
diameter.
File applies to specimen: 12, 20, 21
WRITEPRN (COMP2 ) : = C0MP2
328


























Note: The first column iis the specimen
length and the second is the specimen
diameter.
File applies to specimen: 31,32,33
WRITEPRN(C0MP2B) : = C0MP2B
329
Specimen dimension data file #3 (50% Derakane 8084 / 50 % Crestomer 1080) ORIGIN := 1
Note: The first column lis the specimen
length and the second is the specimen
diameter.


























File applies to specimen: 13, 18, 19, 30
WRITEPRN(C0MP3) :=C0MP3
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Note: The first column lis the specimen
length and the second is the specimen
diameter.
File applies to specimen: 28, 29 , 30
WRITEPRN(C0MP3B) : = C0MP3B
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Note: The first column iis the specimen
length and the second is the specimen
diameter.
File applies to specimen: 14, 16, 17
WRITEPRN(COMP4) : = C0MP4
332
Specimen dimension data file #5 (0% Derakane 8084 / 100 % Crestomer 1080) ORIGIN := 1
COMP5 :=























Note: The first column is tfie specimen
length and the second is the specimen
diameter.
File applies to specimen: 15, 24, 27





Prediction of the Relationship Between Strain Rate and
Yield Stress
Upper Yield Stress Model
100% Derakane / 0% Crestomer 336
75% Derakane / 25% Crestomer 341
50% Derakane / 50% Crestomer 346
25% Derakane / 75% Crestomer 351
Lower Yield Stress Model
100% Derakane / 0% Crestomer 356
75% Derakane / 25% Crestomer 361
50% Derakane / 50% Crestomer 366
25% Derakane / 75% Crestomer 371
335

Input the loading velocity of the Instron head fVeh. the inrtal len(pth of the specimens (Lo).
























Input the modulus of elasticitv (E). the Poisson ration (v) and the ambient temperature (Q) at the
time of the test. Using these values, calculate the shear modulus (^j) and athermal shear stress (s)






^ = 759.398 'MPa
s = 87.274 'MPa
1-v






































STOEVe hop := stdev(E ^op) STDEVa ^op := stdev(a ^op)
336

















linreg := slope(x equiv YdoUn) "^ equiv + interceptor equiv ^dotln)















Calculate the slope, intercept, and correlation
coefficient for predictive line:
c°^(^equivYdotln)=l
C:=slope(xgq^j^,Ydotln) C =36.391
B :=intercept(x equiv, Ydotln) ^ =-29.736
0.5 0.6 0.7
equiv-























Using the values below, calculate the shear stress as a function of shear strain rate:
s= 87.274 -MPa a =0.2 3^ = 114.619--^ e=298-K YdotO ='^'^^•1^*^^
^
MPa
Input a guess for solver: aj.2:=50MPa






















Input cofidence interval desired ri=67%. 2=95%. 3=99%V r:=2




Compressive Flow Stress (MPa) versus Log(Strain Rate)(1/sec)

























-3.5 -3 -2.5 -2 1.5 -1 -0.5 0.5
log (Strain Rate) (1/scc)
1.5 2.5 3.5
Compare predicted compressive yield stress and experimentally obtained value:






"^^^(^ hoppred) =179.104 -MPa







mean (a hop) =200.5 'MPa
stdev(a







































































































(edl/\|) ssaj)s P|9!A dAlssejdiuoo >|e3d
340
Input the loading velocity of the Instron head rVeH. the inital len(?th of the specimens (LoV
and the compressive flow stress obtained (ac):




















Input the modulus of elasticitv (E). the Poisson ration ^v^ and the ambient temperature (9^ at the
time of the test. Using these values, calculate the shear modulus {\i) and athermal shear stress (s)
E:=1880MPa v:=0.33 0:=298-K
E







s = 81.225 'MPa


































hop:=mean(ehop) MEANo, = mean (o hop)^ hop; ivir:/^w j^Qp
STOEVe hop = stdev(£ ^op) STDEVo ^op := stdev(a ^op)
341






























Calculate the slope, intercept, and correlation





0.5 0,6 0.7 0.8
equiv-

















Using the values below, calculate the shear stress as a function of shear strain rate:
s=81.225-MPa a =0.2 x = 101-968 -^^ e=298-K Y^-^n = 1746.306- sec"*
MPa
Input a guess for solver: o q2~ 50MPa





















Input cofidence interval desired (1=67%. 2=95%. 3=99%V r:=2




Compressive Flow Stress (MPa) versus Log(Strain Rate)(1/sec)


























-3.5 -3 -2.5 -2 1.5 -1 -0.5 0.5
log (Strain Rate) (1/sec)
1.5 2.5 3.5













mean (a hoppred) = 163.194 'MPa mean (a ^op) = 182.987 'MPa
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00 (O ^ CM O 00 CD o
(edl/\|) SS3J)S P|9!A dAjssajdLUOO >|ead
345
Input the loading velocity of the Instron head (Vel). the inrtal length of the specimens (Lo).
and the compressive flow stress obtained (ac):
























Input the modulus of elasticity (E). the Poisson ration (v) and the ambient temperature (Q) at the
time of the test. Using these values, calculate the shear modulus {\i) and athermal shear stress (s)
E:=1680MPa v:=0.33 :=298K
E






M= 63 1.579 'MPa
s= 72.584 'MPa
1-v







































^hop = S-i hop
hop :- mean (o hop)MEANe hop • " ^'^^ (^ hop) MEANa
STDEVe hop = stdev(E hop) STDEVc hop = stdev(a hop)
346


















linreg := slope (t equiv ^dotln) '"^ equiv + intercept(x equiv -Ydotln)














Calculate the slope, interceot. and correlation





0.5 0.6 0.7 0.8
equiv-





















Using the values below, calculate the shear stress as a function of shear strain rate:
s=72.584-MPa a=0.2 x = 106.955--^ e=298*K y^^q =698.669- sec
^
MPa
Input a guess for solver: c ^2'- 50MPa






















r— uui x 1—
V3 V3
Inout cofidence interval desired n=67%. 2=95%. 3=99%V r:=2




Compressive Flow Stress (MPa) versus Log(Strain Rate)(1/sec)

























-2.5 -2 -1.5 -1 -0.5 0.5
log (Strain Rate) (1/sec)
1.5 2.5 3.5











mean^o boppred) = 150.131 'MPa mean(o ^^ ) = 174.387 'MPa
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350
Input the loadino velocity of the Instron head rVeh. the inital \eng\h of the specimens (LoV
and the compressive flow stress obtained (ctc^:
























Input the modulus of elasticity (E^. the Poisson ration (v) and the ambient temperature (0) at the
time of the test. Using these values, calculate the shear modulus (\i) and athemial shear stress Is)
E:=1125MPa V :=0.33 : = 298-K
E






H = 422.932 'MPa
s= 48.606 'MPa
Calculate the pressure (p) and the shear stress (t) corresponding to each of the data points:
P.








































hop :=mean (^hop) MEANa hop :- mean ^a hop)
STOEVe hop := stdev(e ^op) STDEVa ^op = stdev(a ^op)
351


















linreg := slope (xgqyiy,Ydoan)-'^equiv + intercept(Tgq^jy.Ydodn)


















Calculate the slooe. intercept, and correlation
coefficient for predictive line:
'^°^(^equivYdotln) =0-985
C:=slope(T^^i^,YdoUn) C = 14.647





Solve for-ydotO and %.
C-0 B + C -1
Xi= YdotO=e -sec
s+apj















Using the values below, calculate the shear stress as a function of shear strain rate:
s=48.606-MPa a=0.2 x=85.164--^ 0=298-K YdntO ^^^-^^"^'^"^
*
MPa
Input a guess for solver: o
^2
~ 50MPa




















r- uui x 1—
Input cofidence inten/al desired n=67%. 2=95%. 3=99%): r:=2





Compressive Flow Stress (MPa) versus Log(Strain Rate)(1/sec)






































log (Strain Rate) (1/sec)







°»^^(^ hoppred) =132.142 -MPa







































































































(edl/\|) ssaj;s Pl^iA aAjssajdiuoo >|eed
355
Input the loading velocity of the Instron head fVel). the inttal length of the specimens (LoV
and the compressive flow stress obtained (ac):
























Input the modulus of elasticitv (B). the Poisson ration (\) and the ambient temperature (Q) at the
time of the test. Using these values, calculate the shear modulus (\i) and athermal shear stress (s)
E :=2020MPa v :=0.33 :=298K
E








H = 759.398 'MPa
s = 87.274 'MPa
Calculate the pressure (p^ and the shear stress (x) corresponding to each of the data points:
Pi'^- T. :=-
• S











































anreg := slope^t equiv YdoUn) ''^ equiv + i°tercept(i: gquiv'T^doUn)















Calculate the slope, intercept, and correlation
coefficient for predictive line:
'=o^(^equivYdotln) =0.987
C:=slope(tequiv,YdoUn) C =79.414
B :=intercept(T equiv^doUn) ^ =-47.328
0.5 0.52 0.54 0.56 0.58 0.6
equiv-






















Using the values below, calculate the shear stress as a function of shear strain rate:
s = 87.274-MPa a=0.2 x =255.876'^- 0=298-K y^ .q =^-^03-10" -sec"'
MPa
Input a guess for solver o
^^
= 50MPa




















Input cofidence interval desired n=67%. 2=95%. 3=99%V r: = 2




Compressive Flow Stress (MPa) versus Log(Strain Rate)(1/sec)




















-3.5 -3 -2.5 -2
-1.5 -1 -0.5 0.5 1
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360
Input the loading velocity of the Instron head (\fe\). the inital len(?th of the specimens fLoV
and the compressive flow stress obtained (ac):
























Input the modulus of elasticity (E). the Poisson ration (v) and the ambient temperature (©) at the
time of the test. Using these values, calculate the shear modulus (\i) and athermal shear stress (s)
E:=1880MPa V :=0.33 :=298K
E





H = 706.767 'MPa
s = 81.225 'MPa
1-v














































-slope^'Cequjy.Ydodn)'^ equiv + i°te'"'^Pt('f equiv'Tdotln)












Calculate the slope, intercept, and correlation





























Using the values below, calculate the shear stress as a function of shear strain rate:
s = 81225 'MPa a =0.2 x =258.919'-^ 0=298'K y^q^q =2.575' lo''' -sec
*
MPa
Input a guess for solver: a
^,2 •= 50MPa














ydoi^ = IO^'^-Vb-scc-' a c2^ := Stress /y dotJ
_'ydotplTdot
dot dotplr— UUl^ I—
Input cofidence interval desired M=67%. 2=95%. 3=99%V r:=2




Compressive Flow Stress (MPa) versus Log(Strain Rate)(1/sec)




















-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0.5
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Input the loading velocitv of the Instron head (VeH. the inital len(?th of the specimens (Lo).
and the compressive flow stress obtained (ac):
























Input the modulus of elasticity ^E^. the Poisson ration (v) and the ambient temperature (Q) at the
time of the test. Using these values, calculate the shear modulus (\i) and athermal shear stress (s)





^1= 63 1.579 'MPa
s = 72.584 'MPa
1-v
Calculate the pressure (d) and the shear stress (t) corresponding to each of the data points:
'"'
''"S






































equiv'T^doUn) '^ equiv + i°tercept(x equiv'YdoUn)

















Calculate the slope, intercept, and correlation




B : = imercept(T equiv-Ydotin) ^ =-40.165
0.4 0.42 0.44 0.46 0.48 0.5
equiV:




YdotO -^e -sec X =














Using the values below, calculate the shear stress as a function of shear strain rate:
s = 72.584-MPa a=0.2 x=308.74-^^ e=298-K Y^ntO =6138-10'^ -sec
^
MPa
Input a guess for solver o ^2'' 50MPa






















Input cofidence inten/al desired M=67%. 2=95%. 3=99%V r:=2




Compressive Flow Stress (MPa) versus Log(Strain Rate)(1/sec)




















-3.5 -3 -2.5 -2 -1.5 "1 -0.5 0.5 1






























































































(edl/\|) ss9J)s P|9!A eAlssajdiuoQ >|ead
370
Input the loading velocity of the Instron head (VelV the inital len(?th of the specimens (LoV
and the compressive flow stress obtained (ac):
























Input the modulus of elasticity (E^. the Poisson ration N) and the ambient temperature (0^ at the
time of the test. Using these values, calculate the shear modulus {\i) and athermal shear stress (s)
E:=1125MPa V :=0.33 0:=298K
E






s= 48 .606 'MPa
1-v














































equiv 'YdoUn)''^ equiv + »°tercept(x equiv^doUn)












Calculate the slope, intercept, and correlation
coefficient for predictive line:
co""(^ equiv Ydodn) =0-993
C:=slope(Teq„i^,Ydotln) C =24.312










-ydotO and y are as follows:
YjjotO = 34934.045* sec~'
K












Using the values below, calculate the shear stress as a function of shear strain rate:
K ^ -1
s= 48.606 -MPa a =0.2 x = 1^2.97
•
MPa
e =298-K YdotO =^'^^3'^-^^*^^
Input a guess for solver a
^2 := 50MPa
















Ydot ^^O' ^-Vs-sec-' 0^2 •=Stress(Ydot)






Input cofidence interval desired (1=67%. 2=95%. 3=99%V r:=2





Compressive Flow Stress (MPa) versus Log(Strain Rate)(1/sec)






















-3.5 -3 -2.5 -2 - 1.5 -1 -0.5 0.5





































































































Hopkinson Bar Test Results
Testing
100% Derakane / 0% Crestomer 378
75% Derakane / 25% Crestomer 398
50% Derakane / 50% Crestomer 413
25% Derakane / 75% Crestomer 428
0% Derakane / 100% Crestomer 448
All Load Rates
100% Derakane / 0% Crestomer 463
75% Derakane / 25% Crestomer 467
50% Derakane / 50% Crestomer 471
25% Derakane / 75% Crestomer 475





% Derakane 8084: 100 %Cr6stomer 1080: —Trial: 1 Qf 4
^:=10'^ GPa:=Pal0'^ MPa:=PalO^
GF:=2.1 Vo:=30 E^ar :=210GPa D ^ar :=0.75m A^ar :=-^D bar' A ^ar = 285.023 -ram'
Read and calibrate reflected strain file:
<1> <2>
^reflected
:=READPRN(HD1C0ER) e^efl :=£reflected ^^er ^^renected '^^

















50 100 150 200 250 300 350 400 450 500 550 600
time
_
Read and calibrate transmitted strain file:
us
<1> <2>
£ transmitted =^^P^(™1C0ET) e trans '"^ transmitted ^^^t :=£ transmitted '^^




« apply calibration »
E —
£





















Calculate the strain rate in the sample:
C Q := 5000 « longitudinal wave speed for steel »
sec
K 2






















50 100 150 200 250 300 350
time„
400 450 500 550 600
US
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
start := 180 fin := 400 At: = 0.1-jlS
















180 200 220 240 260 280 300
time „
320 340 360 380 400
US
379
Convert above times to vector indices ^data collected at 0.1 uS intervals) and calculate max strain:
start := start- 10 fin := fin- 10
fin c J. c
•^ rate ^ '^ rate ^
,
:= Y. -maxeng ^_j 2
n= start
E niaxeng =~0-386 « max eng. strain »
Calculate the engineering strain vector bv numerical integration of the strain rate:
i :=start,start+ index., fin
eng,- E ^'
^rate '•"^rate ^,
« numerical integration by rectangle rule »
n = start








1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
Calculate the axial compressive engineering stress in the sample:
bar








&. ^m^m^mmm — ^^m^m^^ — ^^^—^^ ^».^_. «^^_^^ .
50 100 150 200 250 300 350 400 450 500 550 600
380
Using the same index (\) from the engineering strain calculation, draw a plot of engineering stress
versus engineering strain:
bar
eng. Ebar-E trans. index^lO
-220











-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35 -0.4 -0.45 "0.5
The maximum compresssive stress is: min[o gjjg] =-205.176 'MPa
Calculate true (logaritmic) strain in the specimen:
^ true '"'"(e eng + min^e ^^^ =-0.488 « maximum compressive true strain »




























-0.05 -0.1 -0.15 -0.2 -0.25 "0.3 -0.35 -0.4 -0.45 "0.5
The maximum compresssive true stress is: min^o jj^g] =-189.806 -MPa
381
Supplemental note : This stress strain curve represents a specimen composed of 100% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester. The raw data was obtained on a
commpression split Hopkinson bar located at the California Institute of Technology in a testing
session from 4/20/95 to 4/21/95. The temperature at the time of the test was 71 .6 F and the




WAVE0054.WFT is the reflected pulse file.
2. WAVE0055.WFT is the transmitted pulse file.
3. WAVE0056.WFT is the measured temperature file.




WRITEPRN(DICOTI) : = D1C0T1
382
General Definitions: % Derakane 8084: 100 %Crestomer 1080: Trial; 2 9f4
ORIGIN :=1 jiS:=seclO"^ ^:=10'^ GPa:=PalO^ MPa:=PalO^
GF:=2.1 Vo:=30 E^ar :=210GPa D ^ar := 0.75m A^^:=^D^^J A ^ar =285.023 -mm^
Read and calibrate reflected strain file:
<1> <2>
e
reflected "^^PRN(HD1C0ER2) e^efl :=Ereflected time ^^ :=E reflected '^^
er := 1 .. rowsfe



























/ \ yy w ^ ^
50 100 150 200 250 300 350 400 450 500 550 600
time „
Read and calibrate transmitted strain file:
jis
<1> <2>
^transmitted :=READPRN(HD1C0ET2) e ^^^s :=e ^^si^itted t^^e^ :=e transmitted '^^
4-£
et := 1 .. rows(e
^-ans) « set up range » e ^^^=—
trans
GFV
« apply calibration »
O









^-^^^ — I . -^iV^V^i- - -^ . , - - Tl. ^^^^^^_ ^^^^^^ ^^^^^^_ ^^^^^^_ J ^^^_^^_ ^^^^^w
50 100 150 200 250 300
time
.,
350 400 450 500 550 600
US
383
Calculate the strain rate in the sample:
m
Co-5000- « longitudinal wave speed for steel
»
sec



















^ / \\ / ~
-V- -^
100 150 200 250 300 350 400 450 500 550 600
US
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time inten/al for numerical inteonation in
units of microseconds:
start := 180 fin := 400 At: = 0.1nS




















320 340 360 380 400
384
Convert above times to vector indices (data collected at 1^S intervals) and calculate max strain:
start := start- 10 fin := fin- 10
fiB C 4- P
^ rstc r^t£
emaxeng:= XI ^^ ^"1
°~
^maxeng =-0-317 « max eng. strain »
n= start
Calculate the engineering strain vecto r bv numerical integration of the strain rate:
i := start, start+ index.. fin
eng. • 2j At-
rate "^^rate ^,D n-|-l
« numerical integration by rectangle rule»
n= start









1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
i
Calculate the axial compressive engineering stress in the sample:
bar









50 100 150 200 250 300 350 400 450 500 550 600
time
385



















-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 "0.35 -0.4 -0.45 -0.5
The maximum compresssive stress is: minfa gj,g) =-216.076 'MPa
Calculate true (loqaritmic^ strain in the specimen:
^ true "^"(^ eng ^ ^] min^e ^^^ =-0.382 « maximum compressive true strain























The maximum compresssive true stress is: mm (^true) = -200.044 -MPa
386
Supplemental note : This stress strain curve represents a specimen composed of 100% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester. The raw data was obtained on a
commpression split Hopkinson bar located at the California Institute of Technology in a testing
session from 4/20/95 to 4/21/95. The temperature at the time of the test was 71 .6 F and the




WAVE0057.WFT is the reflected pulse file.
2. WAVE0058.WFT is the transmitted pulse file.
3. WAVE0059.WFT is the measured temperature file.
Write true stress and strain data to a .pm file:
^ true
I
• fnie'D1C0T2 :=augment ef„,_, ,
' ^^ MPa/
WRrrEPRN(DlC0T2) : = D1C0T2
387
flftneral Definitions: % Derakane 8084: 100 %Crestomer 1080: Trial: 3 Pf 4
ORIGIN :=1 nS;=seclO"^ \l:=10^ GPa-Palo' MPa:=PalO^
GF:=2.1 Vo:=30 E^ar :=210GPa D^ar :=0.75in A^ar :=^D bar^ A ^ar = 285.023 -mm^




•= READPRN(BD1C0ER2) t^fi=e reflected time ^r := e reflected '^"^
er := 1 .. rows[e j-gfi) « set up range » e refl
^•erefl
GFVo























50 100 150 200 250 300 350 400 450 500 550 600
Read and calibrate transmitted strain file:
us
<1> <2>
e transmitted "^^PRN(BD1C0ET2) e trans -^^ transmitted ^ime^t :=e transmitted '^^
et := 1 .. rowsfe ^^^ « set up range » e
4e trans
trans GFV
« apply calibration »
O
















V \\ ^ .i^->w_ ^^--.^^





Calculate the strain rate in the sample:
C Q := 5000 « longitudinal wave speed for steel »
sec
L „ ;= 5.43mm D „ := 8.02-mm A „ :=-D » « inital specimen length, diameter, and Acs »
-2C„
























Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time inten/al for numerical integration in
units of microseconds:
start : = 230 fin ::^ 410 At: = 0.lMS



















230 250 270 290 310 330 350 370 390 410
MS
389
Convert above times to vector indices rdata collected at 0.1 uS intervals) and calculate max strain:
start := start- 10 fin := fin- 10




maxeng := S ... e niaxeng ="0-396 « max eng. strain »
n= start
Calculate the engineering strain vector bv numerical integration of the strain rate:
i := start, start + index., fin
« numerical integration by rectangle rule »
J^ ^rate/^rate^^,
n= start










2300 2500 2700 2900 3100 3300 3500 3700 3900 4100
i
Calculate the axial compressive engineering stress in the sample:
bar













50 100 150 200 250 300 350 400 450 500 550 600
time ^
390
Using the same index (\) from the engineering strain calculation, draw a plot of enaineerinQ stress
versus engineering strain:
bar





-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 "0.35 -0.4 -0.45 -0.5
The maximum compresssive stress is: min^a gj,g] =-235.313 'MPa





^] min^E ^.^J =-0.506 « maximum compressive true strain




















-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35 "0.4 "0.45 "0.5
The maximum compresssive true stress is: nun (^ tnie) = -208.491 -MPa
391
Supplemental note : This stress sttain curve represents a specimen composed of 100% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester. The raw data was obtained on a
commpression split Hopkinson bar located at the California Institute of Technology in a testing
session from 4/20/95 to 4/21/95. The temperature at the time of the test was 71 .6 F and the




WAVE0015.WFT is the reflected pulse file.
2. WAVE0016.WFT is the transmitted pulse file.
3. WAVE0017.WFT is the measured temperature file.
Write true stress and strain data to a .pm file:




WRrrePRN(DlC0T3) : = D1C0T3
392
General Definitions: % Derakane 8084: 100 %Crestomer 1080: Trial: 4 of 4
ORIGIN :=1 nS:=seclO'^ ^:=10"^ GPa:=PalO^ MPa:=PalO^
GF-2.1 Vo:=30 E ^ar :=210GPa D ^ar :=0.75m A^^^:=^D ^^J bar = 285.023 •mm
Read and calibrate reflected strain file:





er := 1 .. rows[e



















50 100 150 200 250 300 350 400 450 500 550 600
time _
Read and calibrate transmitted strain file:
us
<1> <2>
£ transmitted "RE^P^(BD1C0ET3) e trans '"^ transmitted ^^et '"^ transmitted '^^
et.= l.. rows(e




« apply calibration »
O
























Calculate the strain rate in the sample:
C Q := 5000— « longitudinal wave speed for steel »
sec























50 100 150 200 250 300 350 400 450 500 550 600
MS
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
stan:=230 fin :=410 At:=0.1-MS


















230 250 270 290 310 330 350 370 390 410
US
394
Convert above times to vector indices (data collected at 0.1^5 intervals) and calculate max strain:
start : = start- 10 fin := fin- 10
= s
fin c -I- c
^ rate ^ *" rate
^
At — e maxeng = "0-396 « max eng. strain »maxeng
^_j 2
n= start
Calculate the engineering strain vector bv nume rical integration of the strain rate:





._ V* . p M-j_
^ eng. ^ 2 « numerical integration by rectangle rule »
n = start










2300 2500 2700 2900 3100 3300 3500 3700 3900 4100
Calculate the axial compressive engineering stress in the sample:
bar









50 100 150 200 250 300 350 400 450 500 550 600
395





















-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35 -0.4 -0.45 -0.5
^eng.
The maximum compresssive stress is: minfa gjjg) =-226.244 'MPa
Calculate true Hogaritmic) strain in the specimen:
E {rue '='"(£ eng "• min[e ^^^ =-0.506 « maximum compressive true strain »























-0.05 -0.1 -0.15 -0.2 -0,25 -0.3 "0.35 "0.4 "0.45 -0.5
true-
The maximum compresssive true stress is: mini"(«^true) =-203.56 -MPa
396
Supplemental note : This stress strain curve represents a specimen composed of 100% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester. The raw data was obtained on a
commpression split Hopkinson bar located at the California Institute of Technology in a testing
session from 4/20/95 to 4/21/95. The temperature at the time of the test was 71 .6 F and the




WAVE0018.WFT is the reflected pulse file.
2. WAVE001 9.WFn' is the transmitted pulse file.
3. WAVE0020.WFT is the measured temperature file.





WRrrEPRN(DlC0T4) : = D1C0T4
397
C^anaral Definitions: % Derakane 8084: 75 %Crestomer 1080: 25 Trial: 1of3
ORIGIN :=1 nS:=seclO'^ ^:=10'^ GPa:=Palo' MPa:=PalO^
GF:=2.1 Vo:=30 E^ar :=210GPa D ^ar :=0.75in A^ar :=^D ^ar' A ^ar =285.023 -mm^
Read and calibrate reflected strain file:
<1> <2>
^reflected :=READPRN(HD7C2ER1) e^^^ -Ereflected ^^tr :=ereflected '^^













50 100 150 200 250 300 350 400 450 500 550 600
time _
MS
Read and calibrate transmitted strain file:
<1> <2>
E transmitted •"READPRN(HD7C2ET1) E trans •=£ transmitted time^t :=E transmitted '^^
et 1
..




« apply calibration »
O





















Calculate the strain rate in the sample:
C Q.= 5000— « longitudinal wave speed for steel »
sec
71 2
















/ \ / ^\,\. /
^, y\ /
s y




Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
start =200 fin := 420 At:=0.1-MS
















200 220 240 260 280 300
time
320 340 360 380 400 420
MS
399
Convert above times to vector indices fdata collected at 0.1 mS intervals) and calculate max strain:
start := start- 10 fin := fin- 10
maxeng = E
fin p 4- F
'rate ^'rate
At ^^ e maxeng =~0-375 « nnax eng. strain »
n= start
Calculate the engineering strain vector bv numerical integration ot the strain rate:




^ eng. ~ 2^ ^ ' 2 « numerical integration by rectangle rule »,= S
n= start










2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200
i
Calculate the axial compressive engineering stress in the sample:
bar











50 100 150 200 250 300 350 400 450 500 550 600
time „
400
Using the same index (\) from the engineering strain calculation, draw a plot of engineering stress
versus engineering strain:




























-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 "0.35 -0.4 -0.45 -0.5
e.
eng,
The maximum compresssive stress is: minfo gug] =-195.363 'MPa
Calculate true Hogaritmic) strain in the specimen:
E Q.jjg :=ln^e gjjg + l\ minfe ^^^ =-0.47 « maximum compressive true strain »
Calculate true stress in the soecimen:



















-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35 "0.4 -0.45 -0.5
The maximum compresssive true stress is: min (<'true)=- 179.287 -MPa
401
Supplemental note : This stress strain curve represents a specimen composed of 75% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester and 25% Scott Bader Crestomer 1080. The
raw data was obtained on a commpression split Hopkinson bar located at the California Institute of
Technology in a testing session from 4/20/95 to 4/21/95. The temperature at the time of the test
was 71 .6 F and the relative humidity was 32.3%. The raw data files have been archived in
compressed form under the following names:
1
.
WAVE0048.WFT is the reflected pulse file.
2. WAVE0049.WFT is the transmitted pulse file.
3. WAVE0050.WFT is the measured temperature file.
Wrrte tme stress and strain data to a .pm file:
D7C2T1 -augment Et^g,-^^
I
WRrrEPElN(D7C2Tl) : = D7C2T1
402
General Definitions: % Derakane 8084: 75 %Crestomer 1080: 25 Trial: 2Qf3
ORIGIN :=1 MS:=seclO'^ H:=10"^ GPa:=Palo' MPa:=PalO^
GF:=2.1 Vo:=30 Ebar :=210GPa D ^ar :=0.75in A^ar :=^D ^ar' A ^ar = 285.023 -mm^
Read and calibrate reflected strain file:
<1> <2>
^reflected •=READPRN(HD7C2ER2) e reR '= ^ Kfiecied ^^g, :=e reflected '^^
4-e
refl
er := 1 .. rows[e







/ — \ f
J J
50 100 150 200 250 300 350 400 450 500 550 600
US








READPRN( HD7C2ET2 ) e ^.^j :-e transmitted time gj :- e transmitted "^^
et := 1 .. rowsfe ^^^ « set up range
4-E trans
» trans ' GFV
« apply calibration »
O














\> ^.^^v^ ^ ^-^^
50 100 150 200 250 300
time
.,
350 400 450 500 550 600
V&
403
Calculate the strain rate in the sample:
C Q := 5000— « longitudinal wave speed for steel »
sec
K 2
























50 100 150 200 250 300 350
time
400 450 500 550 600
MS
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time inten/al fo r numerical integration in
units of microseconds:
start := 150 fin := 370 At := 0.1^8


















150 170 190 210 230 250 270
time
_
290 310 330 350 370
MS
404
Convert above times to vector indices ^data collected at 0.1 pS intervals) and calculate max strain:
start := start- 10 fin := fin- 10
maxeng = z
fin e 4. c
'^ rate ^ * rate
At — e maxeng ="^-444 « max eng. strain »
n= start
Calculate the engineering strain vecto r bv numerical integration of the strain rate:
i :=start,start+ index..fin
^rate ''"^rate ^,
eng, s - « numerical integration by rectangle rule »
n= start
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Calculate the axial compressrve engineering stress in the sample:
bar
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-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35 -0.4 -0.45 -0.5
The maximum compresssive stress is: min^o gug] =-21 1.812 'MPa
Calculate true (looaritmic) strain in the specimen:
e jj^g •= Infe eng •" ^] min^e ^^^ =-0.588 « maximum compressive true strain »
Calculate true stress in the specimen:



























The maximum compresssive true stress is: inin[a
^nje) ="187.317 -MPa
406
Supplemental note : This stress strain curve represents a specimen composed of 75% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester and 25% Scott Bader Crestomer 1080. The
raw data was obtained on a commpression split Hopkinson bar located at the Callfomia Institute of
Technology in a testing session from 4/20/95 to 4/21/95. The temperature at the time of the test
was 71 .6 F and the relative humidity was 32.3%. The raw data files have been archived in
compressed form under the following names:
1
.
WAVE0051 .WFT is the reflected pulse file.
2. WAVE0052.WFT is the transmitted pulse file.
3. WAVE0053.WFT is the measured temperature file.
Write true stress and strain data to a pm file:
/ ^true\
D7C2T2 :=mgmtnt\z^^,-^j^\
WRrrEPRN(D7C2T2) : = D7C2T2
407
naneral DefinKions: % Derakane 8084: 75 %Cr9$tom?r 1WQ; 2$—Trial; 3 Qf 3
ORIGIN :=1 nS:=seclO'^ ^ := lO'^ GPa:=Palo' MPa:=PalO^
GF:=2.1 Vo:=30 E^ar :=210GPa D ^ar :=0.75in A^ar :=^D ^ar^ A ^ar = 285.023 -mm^










er := 1 .. rowsfe












50 100 150 200 250 300 350 400 450 500 550 600





'= READPRN( BD7C2ET3) E
,,.^1,5
:= e transmitted time ^^ :- e transmitted '^^
et := 1 .. rows(E trans) "^"^ ®®^ ^P range » e
4-e trans
trans GFVo
« apply calibration »
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MS
408
Calculate the strain rate in the sample:
C Q := 5000 « longitudinal wave speed for steel »
sec
71 2























50 100 150 200 250 300
time „
350 400 450 500 550 600
iiS
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
start : = 210 fin := 430 At:=0.1-nS


















350 370 390 410 430
409
Convert above times to vector indices (data collectod at 0.1 mS intervals) and calculate max strain:
start := start- 10 fin := fin- 10








e niaxeng ="^-355 « max eng. strain »
Calculate the engineering strain vector bv numerical integration of the strain rate:
i :=start,start+ index., fin
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Calculate the axial compressive engineering stress in the sample:
bar







\ . \ 1\
V ^
V -^^
50 100 150 200 250 300 350 400 450 500 550 600
time
410
Using the same index ('\) from the engineering strain calculation, draw a plot of engineering stress
versus engineering strain:
bar























-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35 -0.4 -0.45 -0.5
The maximum compresssive stress is: minfa g^g] =-196.907 'MPa
Calculate true (logaritmic^ strain in the specimen:
e (jyg '"^fs eng • min[e ^j.^^] =-0.44 « maximum compressive true strain »
Calculate true stress in the specimen:






















-0.05 -0.1 -0.15 -0.2 -0.25 "0.3 "0.35 -0.4 -0.45 "0.5
^tnie.
The maximum compresssive true stress is: min (<'true) = -182.353 -MPa
411
Supplemental note : This stress strain curve represents a specimen composed of 75% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester and 25% Scott Bader Crestomer 1080. The
raw data was obtained on a commpression split Hopkinson bar located at the Calitomia Institute of
Technology In a testing session from 4/20/95 to 4/21/95. The temperature at the time of the test
was 71 .6 F and the relative humidity was 32.3%. The raw data files have been archived in
compressed form under the following names:
1
.
WAVE0045.WFT is the reflected pulse file.
2. WAVE0046.WFT is the transmitted pulse file.
3. WAVE0047.WFT is the measured temperature file.
Write tme stress and strain data to a .pm file:
D7C2T3 := augment e^,„,
\
^^ MPa/
WRITEPRN(D7C2T3) : = D7C2T3
412
General Definitions: % Derakane 8084: 50 %Crestomer 1080: 50 Trial: 1 of 3
ORIGIN :=1 nS:=seclO"^ H:=10"^ GPa:=PalO^ MPa:=PalO**
GF:=2.1 Vq-SO Ebar: = 210GPa D ^ar :=0.75m A^ar :=^-D bar' A ^ar = 285.023 -mm^
Read and calibrate reflected strain file:
<1> <2>
£ reflected := READPRN(HD5C5ER1 ) e,^fi'=e reHected time ^r := £ reflected '^^








50 100 150 200 250 300 350 400 450 500 550 600
time „
US
Read and calibrate transmitted strain file:
^transmitted :=READPRN(HD5C5ET1) e ^^3 - ^ transmitted
<i> <2>
^""^
et " ^ transmitted "^^
et := 1
..
rows[e Q-ans) "^"^ ^®^ "^P '^'^9® » ^
4-e trans
trans GFV O
« apply calibration »
£ — £ — £




















Calculate the strain rate in the sample:
m
C o := 5000— « longitudinal wave speed for steel »
sec





350 400 450 500 550 600
US
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
start :=240 fin := 480 At:=0.1-nS


















Convert above times to vector indices (data collected at 0.1 uS intervals^ and calculate max strain:
start := start- 10 fin := fin- 10
fin c ^. c
^—^
* rate ^ '- rate
Emaxeng^^ X. ^'
^"1 ^~ e maxeng =-0-311 « max eng. strain »
n= start
Calculate the engineering strain vector by nume rical integration of the strain rate:
i :=start,start+ index., fin
e_:= X! ^'






« numerical integration by rectangle rule »
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i
Calculate the axial compressive engineering stress in the sample:
bar
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415
Using the same index (i) from the engineering strain calculation, draw a plot of engineering stress
versus engineering strain:
bar
eng. Ebar-E trans. index^lO
A ^
-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 "0.35 "0.4 -0.45 "0.5
The maximum compresssive stress is: minfa gj,g) =-184.45 'MPa
Calculate true Hogaritmic^ strain in the specimen:
^ true "^"(^ eng + minfe ^^^ =-0.372 « maximum compressive true strain »





-0.05 -0.1 -0.15 -0.2 -0.25 "0.3 -0.35 "0.4
-0.45 -0.5
The maximum compresssive true stress is: min {«^true) = 171.791 -MPa
416
Supplemental note : This stress strain curve represents a specimen composed of 50% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester and 50% Scott Bader Crestomer 1080. The
raw data was obtained on a commpression split Hopkinson bar located at the Califomia Institute of
Technology in a testing session from 4/20/95 to 4/21/95. The temperature at the time of the test
was 71 .6 F and the relative humidity was 32.3%. The raw data files have been archived in
compressed fomi under the following names:
1
.
WAVE0060.WFT is the reflected pulse file.
2. WAVE0061 .WFT is the transmitted pulse file.
3. WAVE0062.WFT is the measured temperature file.
Write true stress and strain data to a .pm file:
D5C5Tl:=augment^e^,,^
WRITEPRN(D5C5T1) : = D5C5T1
417
fiflneral Definitions: % Derakane 8084: 50 %Crestomer 1080: 50 Trial: 2 of 3
ORIGIN :=1 nS:=seclO'^ ^:=10'^ GPa:=PalO^ MPa:=PalO^
GF:=2.1 Vo:=30 E^ar :=210GPa D ^ar :=0.75iD A^ar :=^D bar' A ^ar = 285.023 -mm^






er := 1 .. rows^e

















\ 1 v x.^
50 100 150 200 250 300 350 400 450 500 550 600
time „
MS
Read and calibrate transmitted strain file:
<1> <2>










« apply calibration »
O






















Calculate the strain rate in the sample:
m
C Q := 5000 « longitudinal wave speed for steel »
sec
7C 2






















50 100 150 200 250 300 350
time „
400 450 500 550 600
MS
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
start :=240 fin := 480 At: = 0.1-MS





















Convert above times to vector indices (data collected at 0.1 fjS intervals^ and calculate max strain:
start := start- 10 fin := fin- 10
fin f . + E .
'^ rate ^ "^ rate ^
,
D n+l
maxeng ' = E - e maxeng = "0.3 19 « max eng. strain »
n= start
Calculate the engineering strain vector bv numerical integration of the strain rate:
i := start, start + index., fin
eng.
At-
rate ^ ^ rate .
,
n n-|-l
« numerical integration by rectangle rule »
n = start
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i






















Using the same index (\) from the engineering strain calcu lation, draw a plot of engineering stress
versus engineering strain:
^bar
eng. ^ bar'^ trans. index=10
The maximum compresssive stress is: min^a gjjg] =-190.949 "MPa
Calculate true (logaritmic^ strain in the specimen:
E Q^e :=ln/E g^g + l] min^e ^^^ =-0.385 « maximum compressive true strain







-0.05 -0.1 -0.15 -0.2 -0.25 "0.3 -0.35 -0.4 "0.45 -0.5
The maximum compresssive true stress is: minfa jj^g] =-174.609 -MPa
421
Supplemental note : This stress strain curve represents a specimen composed of 50% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester and 50% Scott Bader Crestomer 1080. The
raw data was obtained on a commpression split Hopkinson bar located at the Calitomia Institute of
Technology in a testing session from 4/20/95 to 4/21/95. The temperature at the time of the test
was 71 .6 F and the relative humidity was 32.3%. The raw data files have been archived in
compressed form under the following names:
1
.
WAVE0063.WFT is the reflected pulse file.
2. WAVE0064.WFT is the transmitted pulse file.
3. WAVE0065.WFT is the measured temperature file.




WRrrEPRN(D5C5T2) : = D5C5T2
422
Qfineral Definitions: % Derakane 8084: 50 %Crestomer 1080: 50 Trial: 3 of 3
ORIGIN :=1 nS:=seclO'^ U:=10'^ GPa:=Palo' MPa:=PalO^
GF-2.1 Vo:=30 E^ar :=210GPa D ^ap :=0.75in A^^^-^D^J A ^ar = 285.023 -mm^
Read and calibrate reflected strain file:
^reflected :=READPRN(HD5C5ER3) £ ^gn ^ = e reflected^' " ^^tr'-^rcnected^^-^^












50 100 150 200 250 300 350 400 450 500 550 600
time „
\iS




^ transmitted - READPRN(HD5C5ET3) e ^^^ :-E transmitted time ^^ :- e transmitted '^^
4-e trans
et := 1 .. rows E ^^A « set up range » e ^^^ = « apply calibration »
o















• t"^ "C^p-r- ^^'^^ 7
\ t^
V a' +""-'~^-V'\y^





400 450 500 550 600
423
Calculate the strain rate in the sample:
C Q := 5000— « longitudinal wave speed for steel »
sec


















Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
Stan =240 fin := 460 At:=0.1-nS





















Convert above times to vector indices (data collected at 0.1 mS intervals) and calculate max strain:
start := start- 10 fin := fin- 10
maxeng = T.
fin E . + E .
'- rate ^ ^ rate .
At ^^ e maxeng ="<5-268 « max eng. strain »
n= start
Calculate the engineering strain vector bv numerical integration of the strain rate:
i := start, start + index., fin
eng, 2_i
At-
rate ^ ^ rate
, ,
n n-|-l
« numerical integration by rectangle rule »
n= start
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Calculate the axial compressive engineering stress in the sample:
bar
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Using the same index (\) from the engineering strain calculation, draw a plot of engineering stress
versus enoineerino strain:




























-0.05 -0.1 -0.15 -0.2 -0.25 "0.3 -0.35 "0.4 -0.45 -0.5
The maximum compresssive stress is: min^a ^.^S) =-191.991 'MPa
Calculate true (logaritmic) strain in the specimen:
E jj.yg '^InfE eng + minfe ^^^ =-0.312 « maximum compressive true strain »
Calculate true stress in the specimen:














-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 "0.35 -0.4
-0.45 -0.5
^tnie
The maximum compresssive true stress is: minfa jj^g] =-176.762 -MPa
426
Supplemental note : This stress strain curve represents a specimen composed of 50% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester and 50% Scott Bader Crestomer 1080. The
raw data was obtained on a commpression split Hopkinson bar located at the California Institute of
Technology in a testing session from 4/20/95 to 4/21/95. The temperature at the time of the test
was 71 .6 F and the relative humidity was 32.3%. The raw data files have been archived in
compressed form under the following names:
1
.
WAVE0066.WFT is the reflected pulse file.
2. WAVE0067.WFT is the transmitted pulse file.
3. WAVE0068.WFT is the measured temperature file.
Write tme stress and strain data to a .pm file:
D5C5T3:=augment|e^^,,^
WRITEPRN(D5C5T3) : = D5C5T3
427
General Definitions: % Derakane 8084: 25 %Crestomer 1080: 75 Trial; 1 Qf 4
ORIGIN :=1 jiS:=seclOr^ H-IO'^ GPa:=PalO^ MPa:=PalO^
GF:=2.1 Vo:=30 E^ar : = 210GPa D ^ar :=0.75m A^ar :=^-D bar' A ^ar = 285.023 -11™^
Read and calibrate reflected strain file:
<1> <2>
^reflected :=READPRN(HD2C7ER1) e^efl :=ereflected ^^ct '^^reflected '^^
^^refl
er := 1 .. rows^e








50 100 150 200 250 300 350 400 450 500 550 600
time
US
Read and calibrate transmitted strain file:
^ transmitted " READPRN( HD2C7ET1 ) e ^^^ :- e transmitted time ^j :- e transmitted '^^
et := 1 .. rows^e
^^^^







« apply calibration »
O





















Calculate the strain rate in the sample:
C Q := 5000 « longitudinal wave speed for steel »
sec

























50 100 150 200 250 300
tunc „
350 400 450 500 550 600
US
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time inten/al for numerical integration in
units of microseconds:
start :=250 fin := 450 At :=0.1-mS















250 270 290 310 330 350
time „
370 390 410 430 450
MS
429
Convert above times to vector indices (data collected at 0^^S intervals) and calculate max strain:
start := start- 10 fin :=finlO
^rate ''"^rate .
,
= E -maxeng ^_j 2
n= start
e maxeng ="^-346 « max eng. strain »
Calculate the engineering strain vector bv numerical integration of the strain rate:






ir S ^'eng, ^ 2
n= start
« numerical integration by rectangle rule »














2500 2700 2900 3100 3300 3500 3700 3900 4100 4300 4500
Calculate the axial compressive engineering stress in the sample:
bar




















Using the same index (\) from the engineering strain calculation, draw a plot of enaineerinQ stress
versus engineering strain:
bar



















-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 "0.35 -0.4 -0.45 -0.5
eng.
The maximum compresssive stress is: minfo g^g] =-157.15 'MPa
Calculate true (logaritmic) strain in the specimen:
E tj^e "l^f^ eng • minfe jj^g] =-0.425 « maximum compressive true strain
Calculate true stress in the specimen:
»













-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 "0.35 -0.4 -0.45 -0.5
^tnie.
The maximum compresssive true stress is: inin {otnie) = -145.159 -MPa
431
Supplemental note : This stress strain curve represents a specimen composed of 25% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester and 75% Scott Bader Crestomer 1080. The
raw data was obtained on a commpression split Hopkinson bar located at the California Institute of
Technology in a testing session from 4/20/95 to 4/21/95. The temperature at the time of the test
was 71 .6 F and the relative humidity was 32.3%. The raw data files have been archived in
compressed form under the following names:
1
.
WAVE0069.WFT is the reflected pulse file.
2. WAVE0070.WFT is the transmitted pulse file.
3. WAVE0071 .WFT is the measured temperature file.




WRITEPRN(D2C7T1) : = D2C7T1
432
General Definitions: % Derakane 8084: 25 %Crestomer 1080: 75 Trial: 2 of 4
ORIGIN :=1 nS:=seclO"^ ^i:=10'^ GPa:=PalO^ MPa :=PalO^
GF:=2.1 Vo:-30 E^ar :=210GPa D ^ar :=0.75m A^ar :=^-D bar' A ^ar = 285.023 -mm'
Read and calibrate reflected strain file:
<1> <2>
E
reflected -"READPRNCHDICTERI) EfeH •=£ reflected ^^^^ :=e reflected '^^
















V / ^ ^
50 100 150 200 250 300 350 400 450 500 550 600
time _
Read and calibrate transmitted strain file:
MS




trans) "^"^ ^®^ "P range » e
4-e trans
trans GFV
« apply calibration »
O


















« longitudinal wave speed for steel »
n ^ 2

























50 100 150 200 250 300
time „
350 400 450 500 550 600
MS
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
start :=260 fin := 460 At :=0.1mS


















Convert above times to vector indices (data collected at 0.1 mS intervals^ and calculate max strain:
start := start- 10 fin := fin- 10
fin p 4. c
^ rate rate
emaxeng-= Yi ^^ '~^
°~ e^j^eng =-<^-318 « max eng. strain »
n= start
Calculate the engineering strain vector bv numerical integration of the strain rate:
i := start, start + index., fin
eng, At-




2 « numerical integration by rectangle rule »
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i
Calculate the axial compressive engineering stress in the sample:
bar
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-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35 -0.4 -0.45 -0.5
The maximum compresssive stress is: min^o q^^) =-162.129 'MPa
Calculate true Hogaritmic) strain in the specimen:
^ true
'"'"(^
eng "^ A "^"(^ true) = "0-383 « maximum compressive true strain »
Calculate true stress in the specimen:












-0.05 -0.1 -0.15 -0.2 -0.25 "0.3 "0.35 -0.4 -0.45 -0.5
E
The maximum compresssive true stress is: mini"(<'tnje) = -148.8 -MPa
436
Supplemental note : This stress strain curve represents a specimen composed of 25% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester and 75% Scott Bader Crestomer 1080. The
raw data was obtained on a commpression split Hopkinson bar located at the Califomia Institute of
Technology in a testing session from 4/20/95 to 4/21/95. The temperature at the time of the test
was 71 .6 F and the relative humidity was 32.3%. The raw data files have been archived in
compressed form under the following names:
1
.
WAVE0072.WFT is the reflected pulse file.
2. WAVE0073.WFT is the transmitted pulse file.
3. WAVE0074.WFT is the measured temperature file.
Write true stress and strain data to a .pm file:
D2C7T2:=augment^E^,,-—
I
WRrrEPRN(D2C7T2) : = D2C7T2
437
General Definitions: % Derakane 8084: 25 %Crestomer 1080: 75 Trial: 3 Of 4
ORIGIN :=1 nS:=seclOr^ \i.= 10^ GPa:=Palo' MPa:=PalO^
GF:=2.1 Vo:=30 E^ar :=210GPa D ^ar :=0.75-in A^ar :=^D ^ar' A ^ar =285.023 -mm^




'=^^P^(™*2C7ER3) Erefl '^^ reflected time ^^ :=£ reflected sec

















Read and calibrate transmitted strain file:
e transmitted :=READPRN(HD2C7ET3) e ^-ajj^ :=e transmitted^^^ time ^^ :=E transmitted"^^ -sec
et := 1 .. rows^e
^j-^g] « set up range
4-e trans
» trans GFV
« apply calibration »
O















Calculate the strain rate in the sample:
C Q := 5000 « longitudinal wave speed for steel »
sec
7t 2

























50 100 150 200 250 300
time „
350 400 450 500 550 600
US
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
start :=255 fin := 475 At ^O.I-mS
















255 275 295 315 335 355 375 395 415 435 455 475
US
439
Convert above times to vector indices ^data collected at 0.1 mS intervals^ and calculate max strain:
start := start- 10 fin := fin- 10
fin E . + E .
^ rate ^ '^ rate
, ,
maxeng = s - e niaxeng = "0-366 « max eng. strain »
n= start
Calculate the engineering strain vector bv numerical integration ot the strain rate:
i := start, start + index., fin
eng/= E ^'-
rate ^ ^ rate ^ ,
n n-|-l
« numerical integration by rectangle rule »
n= start
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Calculate the axial compressive engineering stress in the sample:
bar
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The maximum compresssive stress is: min^o g^g] =-150.256 "MPa
Calculate true (logaritmic) strain in the specimen:
E jj.yg '^l^fs eng •" min^E ^^^ =-0.456 « maximum compressive true strain »






The maximum compresssive true stress is: nun {<^true)=- 137.791 -MPa
441
Supplemental note : This stress strain curve represents a specimen composed of 25% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester and 75% Scott Bader Crestomer 1080. The
raw data was obtained on a commpression split Hopkinson bar located at the California Institute of
Technology in a testing session from 4/20/95 to 4/21/95. The temperature at the time of the test
was 71 .6 F and the relative humidity was 32.3%. The raw data files have been archived in
compressed form under the following names:
1
.
WAVE0075.WFT is the reflected pulse file.
2. WAVE0076.WFT is the transmitted pulse file.
3. WAVE0077.WFT is the measured temperature file.
Write true stress and strain data to a .pm file:
D2C7T3:=augment|et^,,^
WRTTEPRN (D2C7T3 ) : = D2C7T3
442
General Definitions: % Derakane 8084: 25 %Crestomer 1080: 75 Trial; 4 9f4
ORIGIN ;=1 MS := sec- 10"^ H:=10'^ GPa:=PalO^ MPa:=PalO^
GF-2.1 Vo:=30 E^ar :=210GPa D ^ar :=0.75-m A^ar :-^D ^ar^ A ^ar =285.023 -nmi'
Read and calibrate reflected strain file:
£ reflected
'= READPRN(BD2C7ER1 ) E ^efl = ^ reflected'
er := 1 .. rows^e















50 100 150 200 250 300 350 400 450 500 550 600
time „
MS





^transmitted '-^^^^P^^^^^^CTETl) EQ.^5:-Ejj.3nsjjjjjte^ ^^^et '"^ transmitted '^^
et := 1 .. rows^E
^^^^
« set up range » e
4-E trans
trans GFV
« apply calibration »
O
E — E — Etrans
'







Calculate the strain rate in the sample
m
CqI^SOOO- « longitudinal wave speed for steel »
sec
7t 2


























Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
start :=210 fin := 430 At :=0.1mS














210 230 250 270 290 310 330
time _




Convert above times to vector indices (data collected at 0.1 [iS intervals^ and calculate max strain:
start '.- start- 10 fin := fin- 10
fin





Err^^v^na := /.I ^^
^~~ ~
— ^ xp. p =-0-366 « max eng. strain »maxeng
^_, 2
n= start
Calculate the engineering strain vector bv numerical Integration of the strain rate:
i := start, start + index., fin





2 « numerical integration by rectangle rule »
n= start
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Calculate the axial compressive engineering stress in the sample:
,_
^bar
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445
Using the same index (\) from the engineering strain calculation, draw a plot of engineering stress
versus engineering strain:
..'"bar
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The maximum compresssive stress is: min^o gj,g) ="159.28 'MPa
Calculate true flooaritmic^ strain in the specimen:
e jj^g •=!"(£ eng + ^) min^e jj^g] =-0.457 « maximum compressive true strain »
Calculate true stress in the specimen:






-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 "0.35 "0.4 -0.45 -0.5
I
The maximum compresssive true stress Is: nuni"(^true) =-147.004 -MPa
446
Supplemental note : This stress strain curve represents a specimen composed of 25% Dow
Chemical Derakane 8084 rubber-toughened vinyl ester and 75% Scott Bader Crestomer 1080. The
raw data was obtained on a commpression split Hopkinson bar located at the California Institute of
Technology in a testing session from 4/20/95 to 4/21/95. The temperature at the time of the test
was 71 .6 F and the relative humidity was 32.3%. The raw data files have been archived in
compressed fomn under the following names:
1
.
WAVE0030.WFT is the reflected pulse file.
2. WAVE0031 .WFT is the transmitted pulse file.
3. WAVE0032.WFT is the measured temperature file.




WRrrEPRN(D2C7T4) : = D2C7T4
447
General Definitions: % Derakane 8084: %Crestomer 1080: 100 Trial: 1 of 3
ORIGIN :=1 nS-seclO"^ ^:=10'^ GPa:=PalO^ MPa:=PalO^
GF-2.1 Vo:=30 E^ar :=210GPa D ^ar :=0.75in A^ar :=^D bar' A ^ar = 285.023 -mm'






















50 100 150 200 250 300 350 400 450 500 550 600
time „
US
Read and calibrate transmitted strain file:










« apply calibration »
O











""^ K-t^ ^ r






Calculate the strain rate in the sample
m
CqI^SOOO- « longitudinal wave speed for steel »
sec
71 2



















/ \ f/ \r- —-^ /
~^, r^
\> /\J
50 100 150 200 250 300 350
time „
400 450 500 550 600
MS
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
start : = 250 fin : = 450 At: = 0.1-MS



















250 270 290 310 330 350 370 390 410 430 450
MS
449
Convert above times to vector indices (data collected at OA\iS intervals) and calculate max strain:
start := start- 10 fin :=finlO
maxeng = E
fin p . + p .
'^ rate ^ *^ rate
At ^^ e maxeng ="0-287 « max eng. strain »
n= start
Calculate the engineering strain vector bv numerical integration of the strain rate:






eng. E - « numerical Integration by rectangle rule»
n = start











2500 2700 2900 3100 3300 3500 3700 3900 4100 4300 4500
Calculate the axial compressive engineering stress in the sample:
bar









50 100 150 200 250 300 350 400 450 500 550 600
time „
450
Using the samg index (i^ from the engineering strain calcu lation, draw a plot of engineering stress
versus engineering strain:
bar
£-• Knr*^eng . "bar'^ trans index=10
-100
-0.3 -0.35
The maximum compresssive stress is: minfo gjjg] =-97.294 'MPa
Calculate true (logaritmic) strain in the specimen:
E Q^g :=ln/e ^^^ + l\ min[e ^^g] =-0.339 « maximum compressive true strain »
Calculate true stress in the specimen:














-0.15 -0.2 -0.25 -0.3 -0.35
The maximum compresssive true stress is: min[o
^j^g] =-87.72 -MPa
451
Supplemental note : This stress strain curve represents a specimen composed of 100% Scott
Bader Crestomer 1080. The raw data was obtained on a commpression split Hopkinson bar
located at the Califomia Institute of Technology in a testing session from 4/20/95 to 4/21/95. The
temperature at the time of the test was 71 .6 F and the relative humidity was 32.3%. The raw data
files have been archived in compressed form under the following names:
1
.
WAVE0078.WFT is the reflected pulse file.
2. WAVE0079.WFT is the transmitted pulse file.
3. WAVE0080.WFT is the measured temperature file.




WRITEPRN(DOCITI) : = D0C1T1
452
General Definitions: % Derakane 8084: %Crestomer 1080: 100 Trial: 2 of 3
ORIGIN :=1 MS := sec- 10"^ M:=10"^ GPa-PalO^ MPa:=PalO^
GF-2.1 Vo-30 Ebaj.:=210GPa D ^ar :=0.75m A^ar :=^D bar' A ^a^ =285.023 -mm'







^ reflected time ^^ = e reflected '^^













50 100 150 200 250 300 350 400 450 500 550 600
US
Read and calibrate transmitted strain file:
<1> <2>
£ transmitted =^^P^^™*^lET2)e ^^5!= Etj-ansmitted ^^^t :=E t^ansj^itted '^^
et := 1
..
rows(E Q-^ns) « set up range » e t^ans '=
4-e trans
GFV
« apply calibration »
O
£ '— E — E








#iii»i r-i r>i<r-k—fc i» <fci. ,i tl»r~<ii|« r-J>.
50 100 150 200 250 300 350 400 450 500 550 600
MS
453
Calculate the strain rate in the sample:
C Q := 5000— « longitudinal wave speed for steel »
sec
K 2

















/~ ""-^"^ \ I" ^ —




50 100 150 200 250 300
time „
350 400 450 500 550 600
^s
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
start :=250 fin := 450 At:=0.lMS























Convert above times to vector indices (data collected at 0.1 uS intervals) and calculate max strain:






At — e maxeng ="^-297 « max eng. strain »
n= start
Calculate the engineering strain vector bv numerical integration of the strain rate:




rate ^ ^ rate
, ,
n n-hl
« numerical integration by rectangle rule »
n= start













2500 2700 2900 3100 3300 3500 3700 3900 4100 4300 4500
Calculate the axial compressive engineering stress in the sample:
bar






Using the same index (\) from the engineering strain calculation, draw a plot of engineering stress
versus engineering strain:
bar





The maximum compresssive stress Is: min^o
ei,„] =-95.172 'MPa
Calculate true (logaritmic) strain in the specimen:
E (j.yg '^In/e gjjg + l\ minfe ^^^ =-0.352 « maximum compressive true strain »
Calculate true stress in the specimen:











Supplemental note : This stress strain curve represents a specimen composed of 100% Scott
Bader Crestomer 1080. The raw data was obtained on a commpression split Hopkinson bar
located at the California Institute of Technology in a testing session from 4/20/95 to 4/21/95. The
temperature at the time of the test was 71 .6 F and the relative humidity was 32.3%. The raw data
files have been archived in compressed form under the following names:
1
.
WAVE0081 .WFT is the reflected pulse file.
2. WAVE0082.WFT is the transmitted pulse file.
3. WAVE0083.WFT is the measured temperature file.
Write true stress and strain data to a .pm file:
<^true
D0C1T2 := augment Ej^e
\ MPa /
WRITEPRN(D0C1T2) : = D0C1T2
457
General Definitions: % Derakane 8084: %Crestomer 1080: 100 Trial: 3 of 3
ORIGIN :=1 MS := sec- 10'^ M:=10"^ GPa:=PalO^ MPa-PalO^
GF:=2.1 Vo:=30 E^ar :=210GPa D ^ar :=0.75-in Abar:=7Dbar' A ^a, = 285.023 -mm^




•=READPRN(HD0C1ER3) Erefl '"^ reflected ^^^^^ ^^ : = e reflected '^^
4e j.gf|
er := 1 .. rows^e














X J \ V
50 100 150 200 250 300 350 400 450 500 550 600
time „
Read and calibrate transmitted strain file:
MS
E transmitted := READPRN(HD0C1ET3 ) e ^^^ := e transmitted^'^ time ^^ := e transmitted^^^ '^^
et := 1 .. rows^e
^^^^
« set up range » e
4-e trans
trans GFV
« apply calibration »
O

















Calculate the strain rate in the sample:
C Q := 5000 « longitudinal wave speed for steel »
sec
71 2
























50 100 150 200 250 300
time _
350 400 450 500 550 600
US
Calculate the strain in the sample:
Input start and finish time of reflected pulse as well as the time interval for numerical integration in
units of microseconds:
sian:=250 fin : = 450 At :=0.1-mS














250 268.182 286.364 304.545 322.727 340.909 359.091 377.273 395.455 413.636 431.818 450
MS
459
Convert above times to vector indices rdata collected at 0.1 uS intervals) and calculate max strain:
start := start- 10 fin := fin- 10
fin E . -t- E .
^_,
'- rate ^ '^ rate
At ^^ e maTr<-na =-0.301 « max eng. strain »maxeng ^^ 2
n= start
xeng
Calculate the engineering strain vector bv numerical integration of the strain rate:
i := start, start + index., fin
£..„- Y, ^'






« numerical integration by rectangle rule »












2500 2700 2900 3100 3300 3500 3700 3900 4100 4300 4500
Calculate the axial compressive engineering stress in the sample:
bar







\^ ~%'— -r jT***-*
H^'
50 100 150 200 250 300 350 400 450 500 550 600
time _
460
Using the same index (\) from the engineering strain calculation, draw a plot of engineering stress
versus engineering strain:
bar









-0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35
£
The maximum compresssive stress is: min^a £„„) =-103.841 'MPa
Calculate true (logaritmic) strain in the specimen:
e jjyg :=ln/E g^,™ + l\ min^e ^^\ =-0.359 « maximum compressive true strain »
Calculate tme stress in the specimen:






0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35
^true
The maximum compresssive true stress is: minfo ^^^ =-^1111 'MPa
461
Supplemental note : This stress strain curve represents a specimen composed of 1 00% Scott
Bader Crestomer 1080. The raw data was obtained on a commpression split Hopkinson bar
located at the California Institute of Technology in a testing session from 4/20/95 to 4/21/95. The
temperature at the time of the test was 71 .6 F and the relative humidity was 32.3%. The raw data
files have been archived in compressed fomn under the following names:
1
.
WAVE0084.WFT is the reflected pulse file.
2. WAVE0085.WFT is the transmitted pulse file.
3. WAVE0086.WFT is the measured temperature file.




WRITEPRN(D0C1T3) : = D0C1T3
462
MICHAEL ZIV
THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z := 1 .. 4 ORIGD^J := 1
DIMy^: = READPRN(COMPlB) SPEC^:=3
Lo^^^IdIMa^'^Jspec^™ D.--1DIM
<2>
Oj \ A /SPEC A
mm
DIMg :=READPRN(C0MP1A) SPECg : = 24
<2>
L„ -(DIMr^^^),^^^ -mm D„ :=(dIMd I,„^^ -mm
"
'










D SPEC •mmD Do,-Hd"')spbc, mm
Calculate the initial cross sectional area (mm'^2): A
^^^








The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to





Note: Files A-D are only used for
tracking purposes. There is no relation
to the specimen position indicator.
Analysis slots not used read the default file
IC0LR1T1.pm.
463
Split matrix matrix into two vectors, load (kN) and displ (mm): kN := lOOOnewton
.
<i>








Look at matrices and calculate
number of data points:
a :=l..rows(A) d := l..rows(D)
b :=l..rows(B)
c :=1.. rows(C)
Calculate true stress and true strain (assume incompressibility):




LiA :=Lo -'^'splA AiA :=--
1 « ^ Lj^
A -T
LiB'=Lo- displg AiB :=—j^
2 b b L jTj
A -T" CSO3 ^ O3
LiC :=Lo -displc Aj^ :=--
3 c ^ LiC
A -T
"0^04
LiD '=^0 -displn AjD :=—^
d 4 d <! LiD





























^trueD •— 1" ,
464
Calculate the yield stress (MPa) and corresponding true strain:
<^ yAcalc^ :=if^a<1200,o trueA^'OMPaj a y^ -max(a y^calc) NumA^ :=if|o tnieA =«J yA-^'O)
«JyBcalCj,-=^(b-1200,atrueBj^'0MPaj a ^ :=max(ayBcaic) NumB^ :=if/o trueB^^^^^^'^.O
«^yCcalc^'=^Ml200,OtnjeC^.0MPaj o ^^^ :=max(oyCcalc) NumC^ :=if/o t^eC =^ yC'^'O
^ yDcalc^ :=if/d<1200.a trueD^'OMPaj a^ :=max(a yDj^c) NumD^ ^if/o trueD^=«' ^-d-O
^yA'~^trueA ,^ ., ^>B'"^trueB ,^ _^ ^>C'~^trueC ,^ _, ^>0'"^trueD
-' max(NumA) •' max(NumB) •' max( NumC) ^ inax(NiiniD)
Read the stress strain curve data from the Hopkinson Bar analysis:
i:= 1800, 18 10. .4000
TRIAL := READPRN( D 1C0T2)
Etrueh' = (-™AL)<'> ^ trueh -(-™AL)'^>MPa
Oyh :=max(at^eh) NuinH_ :=if^a tj^ghfO ^,i,OJ e^i^i-Etrueh
max( NumH)
465



































/ (r^ n\. \ ^ k
1 :K N^ ;^ \ 1>^ f
i
r 'v


















0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
TRUE STRAIN
— A = 34-4-c (3); Load Rate = 0.01 mm/sec*
— B = 27-4-c (24); Load Rate = 0. 10 mmysec*
— C = 34-4-e (5); Load Rate = 1 .00 mm/sec*
— D = 35-4-d (11); Load Rate = 2.50 mm/sec*
E = Hopkinson Bar Test (1); Strain Rate = 2.50e+03 /sec
* The instron tests were conducted at a constant loading rate. As a consequence, the strain
rate is not constant throughout the test. As a basis of comparison with the Hopkinson Bar test,
the initai strain rate can be estimated as the loading rate/initial specimen length. Assuming an
average specimen length of 15.5 mm, the following initai strain rates apply to specimens A - D:
1. A load rate of 0.01 mm/sec corresponds to an initial strain rate of 6.45e-04 / sec
2. A load rate of 0.10 mm/sec corresponds to an initial strain rate of 6.45e-03 / sec
3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / sec
4. A load rate of 2.50 mm/sec corresponds to an initial strain rate of 1 .61e-01 / sec
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true
strain at yield:
"^{^ trueA) = 0-759 max(o t^ueA) = 1 10-58 'MPa
^^(^ truefi) =0-761 max(a t^jefi) = 106.084 -MPa
"^(^truec) =0.763 maxla ^^"j =m.63'MPa
"^(^trueD) =0-763 max(ot^eD) = 123-683 -MPa




0^^ = 105.442 'MPa
0^ = 117.63 -MPa e„r- =0.073









THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z := 1 .. 4 ORIGIN = 1
DIM^:=READPRN(C0MP2B) SPEC^:=2
<l>\ _ . / <2>






Lo,^=IDIMb^"Jspec.-°^ D :=(dIMb L„_ -mm
B SPEC B
DIM Q : = READPRN(C0MP2B SPEC (- : = 8
^o^---[^^c'^),,uc^^ D,^:=(dIMc^>;^p^^ -mm
DIMp :=READPRN(C0MP2B) SPEC^ - 12
<i>
L,^:=[DIMD^"j,pgc^-mm D.^i^piM^ Lp^^ '^<2>
Calculate the initial cross sectional area (mm^2): k^^^ :=— /Dq\








The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to
directory C:\winmcad (on home pc), file must have a (.pm) extension
A :=READPRN(IC2LR1T6)




Note: Files A-E are only used for
tracking purposes. There is no relation
to the specimen position indicator.
Analysis slots not used read the default file
IC0LR1T1.pm.
467
Split matrix matrix into two vectors, load (kN) and displ (mm): kN := lOOOnewton
loadc-C^^^-kN
displ^.= A mm




displ £) :=D mm
Look at matrices and calculate
number of data points:
a :=l..rows(A) d := l..rows(D)
b :=l..rows(B)
c :=l..rows(C)
Calculate true stress and true strain (assume incompressibility):




LiA : = L -displ^ AiA : =—;^
1 " ^ Lj^
A .T
^ CSO^ ^ 0^
LiB '^L- displ B AiB • =-—




c 3 c c
A -T
"• CSOj ^ Oj
•iC
LiD '=^0 -displn AjD
































Calculate the yield stress (MPa) and corresponding true strain:
<'yBcalCj^'='f(b-1200,atnieBj,'0MPa) <^ yS'-'^i^ yBcalc) NumB^^ :=if|a ^^5^=0 ^,b.OJ
«^yCcalc^ '=^(^-1200,0 trueC^.O-MPaj o ^^ :=max(oyCcalc) NmnC^ :=if/o jrueC =«^ >C'C.O)
^yDcalc/=^(d^l200,atrueD^,0MPaj a^ -max(ayDcalc) NumD^ :=if^o t^eD =^yD'd'OJ
£yA-"^trueA ,„ ^, ^yB'-^trueB ,., _, ^>C'"^trueC ... _, ^yD -^trueD _ ..^' max(NumA) ' max(NumB) ' max(NumC) ' max(NumD)
Read the stress strain curve data from the Hopkinson Bar analysis:
i:=2100, 2110. .4300
TRIAL : = READPRN(D7C2T3)
etrueh'=(-™ALf'^ Otrueh-=(-TRL\L)<'^MPa
^:-max(at^eh) NumH_ :=if[o ^eh.=o>ti'i'0] e^h'^Etrueh
,^ „,' \ /
\ • / max(NumH)
469

























































0.1 0.2 0.3 0.6 0.7 0.8 0.90.4 0.5
TRUE STRAIN
— A = 31-5-b (2); Load Rate = 0.01 mm/sec*
— B = 31-5-f (6); Load Rate = 0.10 mm/sec*
— C = 32-5-a (8); Load Rate =1.00 mm/sec*
— D = 32-5-e (12); Load Rate = 2.50 mm/sec*
— E = Hopkinson Bar Test (3); Strain Rate = 3.00e+03 /sec
* The Instron tests were conducted at a constant loading rate. As a consequence, the strain
rate is not constant throughout the test. As a basis of comparison with the Hopkinson Bar test,
the inital strain rate can be estimated as the loading rate / inital specimen length. Assuming an
average specimen length of 15.5 mm, the following inital strain rates apply to specimens A - D:
1
.
A load rate of 0.01 mm/sec corresponds to an inrtial strain rate of 6.45e-04 / sec
2. A load rate of 0.10 mm/sec corresponds to an initial strain rate of 6.45e-03 / sec
3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / sec
4. A load rate of 2.50 mm/sec corresponds to an initial strain rate of 1 .61e-01 / sec
List maximum true strain obtained and corresponding stress (MPa), yield stress (MPa) and true
strain at yield:
"^(e trueA) =0-855 max(a ^^^ = 103.201 -MPa
"^(^trueB) =0-86 vc^2x{ci ^^^^1^151 'M^z
yA
^^(,<^trueB;
^«^(<^trueCj"^(^truec) =0-862 max(<Ttruec) = 101-544 'MPa








"^iEtrueh)=0.44 max fa trueh)
= 182.4 'MPa











THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z:=1..4 ORIGIN :=1
DIM^::^READPRN(C0MP3B) SPEC^: = 2
'SPEC
mm
DIMg :=READPRN(C0MP3B) SPECg :=6
<1>\ _ / <2>
DIM B / SPEC •mm D„ -(DIM PI l^„^^ -mmO2 \ B /SPECg
DIM Q : = READPRN( C0MP3B
)
SPEC q=9









= READPRN(C0MP3B SPEC 0=13
Lo, := (dim d"'") SPEC ^--^ D 0, ^= Hd'^^Jspec^-"^










The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to




D : = READPRN( IC3LR4T6
)
Note: Files A-E are only used for
tracking purposes. There is no relation
to the specimen position indicator.
Analysis slots not used read the default file
IC0LR1T1.pm.
471
Split matrix matrix into two vectors, load (kN) and displ (mm): kN := lOOOnewton
.
<i> , <2>
loady^:=A""-kN displ ^'.^ A '-mm loadj) :=D
<i> kN
<2>
displ £) :=D mm
loadg :=B^^^kN
loadc:=C^^^-kN
displ g : = B -mm
displ Q -C -mm
Look at matrices and calculate
number of data points:
a :=l..rows(A) d := 1 ..rows(D)
b :=l..rows(B)
c := l..rows(C)
Calculate true stress and true strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
MPa:=110 Pa
LiA -^L- displ A AjA :=
A -T
L;iA










"• CSOj ^ Oj
LiC :=Lo- displ c ^j^ : =—;^
3 c ^ Ljc





































Calculate the yield stress (MPa) and corresponding true strain:
<JyAcalc^'=^(a-1200,atn,eA^'0-MPa) «^ yA =™^(«^yAcalc) NumA^ :=if(a t^ueA'^^yA'^'O)
c^yBcalc^'=if(b^l200.atrueB^^'OMPaj o ^ :=max(oyBcaic) NumB^ :=if|o trueB^,"O)«'b.0J
«^yCcalc^'="^(c^l2{)0,OtjueC^.0-MPaj o y^ :=max(oyCcalc) NumC^ :=if|otj^eC^«o j^.cOJ
«^ yDcalc^ :=if/d<1200.a trueD^-O-MPaj a^ :=max(a yo^aic) NumD^ :=if/a tmeD "^ ^'d,OJ
^yA--^trueA ^^ ,^ ^j^'-^tnieB ^^ _^ ^yC'-^tnieC ^^ ^^ ^jO'-^trueD ,^ ^^' max(NiiiiiA) ' inax(NumB) ' inax(NuinC) " max(NumD)
Read the stress strain curve data from the Hopkinson Bar analysis:
i : = 2650, 2660.. 4600
TRIAL ;=READPEW(D5C5T2)
£trueh^=(-TRIAL)<^> a ^^eh -("TRIAD^'^MPa
a^ :=max(atnjeh) NurnH^ :=if(<Jtrueh^«o>ti.i.o] ^jli ^^Etrueh
max(NuiiiH)
473




































0.1 0.2 0.3 0.4 0.8 0.9 1.1 1.20.5 0.6 0.7
TRUE STRAIN
— A = 25-5-b (2); Load Rate = 0.01 mm/sec*
— B = 28-5-f (6); Load Rate = 0. 10 mm/sec*
— C = 29-5-b (9); Load Rate = 1.00 mm/sec*
— D = 29-5-f (13); Load Rate = 2.50 mm/sec*
— E = Hopkinson Bar Test (2); Strain Rate = 2.500e+03 /sec
* The Instron tests were conducted at a constant loading rate. As a consequence, the strain
rate is not constant throughout the test. As a basis of comparison with the Hopkinson Bar test,
the inital strain rate can be estinnated as the loading rate / inital specimen length. Assuming an
average specimen length of 15.5 mm, the following inital strain rates apply to specimens A - D:
1. A load rate of 0.01 mm/sec corresponds to an initial strain rate of 6.45e-04 / sec
2. A load rate of 0.10 mm/sec corresponds to an initial strain rate of 6.45e-03 / sec
3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / sec
4. A load rate of 2.50 mm/sec corresponds to an initial strain rate of 1 .61 e-01 / sec
List maximum true strain obtained and con-esponding stress (f^Pa), yield stress (MPa) and true
strain at yield:




'yA = 62.089 -MPa
"^(^truec) = 1-012 max(aQ^gc) =94.066-MPa
"^(^ trueD) = 1-017 max(a ^^^ = 100-MPa
'^(^trueh) =0-385 maxfajj^gj^] =174 .6 'MPat^a,
Og =74. 187 'MPa
Oj^= 87.054 -MPa









THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z := 1 .. 4 ORIGIN = 1
DIM ^ := READPRN(C0MP4)
DIM B : = READPRN(C0MP4
)



















'0, DIM D SPEC D








Calculate the initial cross sectional area (nnnn^2): A :=— fD ^ \








The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to





Note: Files A-E are only used for
tracking purposes. There is no relation
to the specimen position indicator.
Analysis slots not used read the default file
IC0LR1T1.pm.
475




displ ^:= A -mm loadj):=D -kN
displ B ""S ""'^
displ (^:=C -mm
<2>
displ £) :=D mm
Look at matrices and calculate
number of data points:
a :=l..rows(A) d := l..rows(D)
b :=l..rows(B)
c := l..rows(C)
Calculate true stress and true strain (assume incompressibility):




LiA :=L -displ^ AjA :=—^
1 » ^ Lj^ LiB '"Lo-
displ B
b 2 b













































Calculate the yield stress (MPa) and corresponding true strain:
<^ yAcalc^ :-if|a<1200,o tmeA^'O-MPaj o y^ :=max(o y^calc) NumA^ :=if|o tmeA =<^ yA'^'O)
^^yBcalCj^'^'ffb-l^OO.OtrueBj^'OMPaj a yQ.=max{o y^^^"^ NuinB^:=if(a ^^-q^^c yQ,h,0\
«^yCcaIc^ -^^(^-1200,0 trueC^.OMPaj a ^ :=max(o y^^alc) NumC^ :=if/o u^gc =«^ >C'C'0)
^ yDcalc^ :=if^d<1200.a mjeD^'0-MPaj o^ -max(a yOcaic) NumD^ -if(a tmeD =o yD-d.OJ
£yA~^trueA ^^ ^^ ^yB "^trueB ,^ _, ^>C'"^trueC ,^ „^ ^yO'-^trueD ,^ ^^•' max(NuinA) ' max(NumB) ' max(NumC) •' inax(NumD)
Read the stress strain curve data from the Hopkinson Bar analysis:
i : = 2500, 2510.. 4500
TRIAL : = READPRN( D2C7T1
)
E ^^^^ {-TRIALf'^ a^^^:=i-TRlAL)^''MP^
o^:-max(atr^,eh) NumH^ :=if[aa.ueh=<^yh'''0] Eyh'^etiueh ,^
„,^ '
\ ' / max(NuinH)
477
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0.1 0.2 0.3 0.4 0.5 0.9 1.1 1.2 1.3 1.40.6 0.7 0.8
TRUESTOAIN
— A = 14-3-b (2); Load Rate = 0.01 mm/sec*
— B = 14-3-f (6); Load Rate = 0.10 mm/sec*
— C = 16-3-b (9); Load Rate = 1.00 mm/sec*
— D = 17-3-d (18); Load Rate = 2.50 mm/sec*
— E = Hopkinson Bar Test (3); Strain Rate = 3.00e+03 /sec
* The Instron tests were conducted at a constant loading rate. As a consequence, the strain
rate is not constant throughout the test. As a basis of comparison with the Hopkinson Bar test,
the inital strain rate can be estimated as the loading rate / inital specimen length. Assuming an
average specimen length of 15.5 mm, the following inital strain rates apply to specimens A - D:
1
.
A load rate of 0.01 mm/sec corresponds to an initial strain rate of 6.45e-04 / sec
2. A load rate of 0.10 mm/sec corresponds to an initial strain rate of 6.45e-03 / sec
3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / sec
4. A load rate of 2.50 mm/sec corresponds to an initial strain rate of 1 .61e-01 / sec
List maximum true strain obtained and coresponding stress (MPa), yield stress (MPa) and true
strain at yield:
"^(etrueA) =1-216 max(o,rueA) =85.539-MPa
'^(etnieB) =1-222 ru^[o ^xut^) =82.846-MPa
"^(etruec) =1-211 i^{otruec) =89.4-MPa





a yc= 49.394 'MPa
a yD= 58.77-MPa













THESIS DATA REDUCTION PROGRAM
UNIAXIAL COMPRESSION TEST
Select specimens to be used: z:=1..3 ORIGIN :=1
DIM ^ : = READPRN( C0MP5
)
SPECy^:=l
Lo^ - iDIM a"' J3PEC ^-mm D ,^ := (dIM ^^^)^^^^ ^-mmn
DIM B = READPRN( C0MP5 SPEC ^=3
L„:=(dM3<'>)
SPEC
•mm D^ :=(dIMo ]^„^^ -nmi
DIMc:=READPRN(C0MP5) SPECq=6
L^ :=fDIMp^^^]_^^ -mm D„ := fDIMp'^^]^^^^ -mmOj \ ^ /SPEC (2 2 \ /SPEC(;
Calculate the initial cross sectional area (mm^2): A
^^^






The data file was created on the directory: D:\MIKEDAT1 (on 1 .307 hard drive), transfered to
directory C:\winnncad (on home pc), file must have a (.pm) extension
A := READPRN( IC5LR1T1
)
B :=READPRN(IC5LR2T1)
C := READPRN( IC5LR3T1
Note: Files A-E are only used for
tracking purposes. There is no relation
to the specimen position indicator.
Analysis slots not used read the default file
IC0LR1T1.pm.
479
Split matrix matrix into two vectors, load (kN) and displ (mm): kN := 1000 newton
load^:=A -kN displ^=A -mm
loadg:=B'^ kN displ g =8 -mm
loadp:=C -kN displ(;;:=C -min
Look at matrices and calculate
number of data points:
a := 1 ..rows(A)
b :=l..rows(B)
c :=l..rows(C)
Calculate true stress and true strain (assume incompressibility):
Calculate instantaneous length (mm) and cross sectional area (mm^2):
MPa:=110 Pa
LiA :=L -dispi^ Ai^ :=
"^^CSOj'^Oj
L:iA





LiC '"Lo -displc Ajc
c 3 c c
A T
iC




















Calculate the yield stress (MPa) and corresponding true strain:
<JyAcalc^'=^(^-1200,OtrueA^'0-MPaj a y^ :=max(a y^^alc) NumA^ :=if(o trueA=«^ yA-^-O)
<^yCcalc^'=^Ml200,OtrueC^'0MPaj c yQ.=max(c yQ^^^) NumC^ :=if/a t^ueC ^^^ yC'^'O)
^yA'-^trueA _ ,^ ^yB'-^tiueB ,^ .^ ^yC'-^trueC' max(NumA) "^ max(NumB) -^
Read the stress strain curve data from the Hopkinson Bar analysis:
i:=2500, 2510.. 4500




























10.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
TRUE STRAIN
— A = 1 5-3-a ( 1 ); Load Rate = 0.01 mm/sec*
— B = 15-3-c (3); Load Rate = 0.10 mm/sec*
— C = 15-3-f (6); Load Rate = 1 .00 mm/sec*
— D = Hopkinson Bar Test (1); Strain Rate = 2.00e+03 /sec
1.1 1.2 1.3 1.4 1.5 1.6
* The Instron tests were conducted at a constant loading rate. As a consequence, the strain
rate is not constant throughout the test. As a basis of comparison with the Hopkinson Bar test,
the inital strain rate can be estimated as the loading rate / inital specimen length. Assuming an
average specimen length of 15.5 mm, the following inital strain rates apply to specimens A - C:
1
.
A load rate of 0.01 mm/sec corresponds to an initial strain rate of 6.45e-04 / sec
2. A load rate of 0.10 mm/sec corresponds to an initial strain rate of 6.45e-03 / sec
3. A load rate of 1 .00 mm/sec corresponds to an initial strain rate of 6.45e-02 / sec









"^(<^tnieh)= 87.72 -MPa a ^=87.72 'MPa > = 0.089
482
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